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In this thesis, the nanomesh structure on the 6H-SiC(0001) surface, also known as the 
6√3 × 6√3 R30º reconstruction, is experimentally studied. Several surface analytical 
methods including synchrotron based X-ray photoelectron spectroscopy (XPS), X-ray 
absorption spectroscopy (XAS), scanning tunneling microscopy (STM) and other 
complementary methods are used in this investigation. The XPS study reveals a 
variable elemental composition in this structure depending on the duration of 
annealing, suggesting that this structure is thermodynamically metastable. Substantial 
surface disorders at short and intermediate length scales are observed by STM, 
implying that the surface comprises of self-organized local structures instead of a 
global surface reconstruction.  
 
Due to the richness of carbon in the nanomesh structure, most studies focus on the 
carbon atoms. In this thesis, the silicon atoms in the nanomesh are studied by XAS 
method at the Si K-edge using both surface sensitive and bulk sensitive yields. Using 
the bulk sensitive yield, silicon vacancies are identified, revealing that the silicon 
desorption process not only happens at surface but also from the bulk beneath the 
surface. Using the surface sensitive yield, Si-Si bonds are observed, suggesting that 
the SiC nanomesh surface also contains silicon clusters. The existence of surface 
silicon is also supported by the oxidation of the SiC nanomesh at elevated 
temperature, in which surface silicon oxide formation is observed. The reaction of the 
 ix
 SiC nanomesh is also observed even when it is covered by an epitaxial graphene (EG) 
overlayer. Both oxygen molecules and iron atoms are able to penetrate the topmost 
EG layer and react with the SiC nanomesh, giving rise to the formation of silicon 
dioxide and iron silicide at the interface, respectively. Intercalation at the EG/SiC 
nanomesh interface provides a possible route to modify the EG-substrate interface 
without external transfer of the EG film.  
 
Having a honeycomb-like corrugation in long range, the SiC nanomesh has a potential 
application as a nanotemplate. In this work, the template effect of this surface is 
probed by three organic molecules: fullerene, copper phthalocyanine (CuPc) and 
pentacene. Spherical fullerene molecules are not affected by the surface corrugations, 
packing closely together. CuPc molecules, on the other hand, are confined by the cells 
of the SiC nanomesh, forming single molecular arrays. Pentacene molecules are also 
confined by the cells, and form a quasi-amorphous layer due to random adsorption at 
three equivalent absorption sites. As no significant molecule-substrate interaction is 
present, the different behaviors of three molecules suggest that the geometry of 
molecules play an important role in the template effect of the SiC nanomesh. 
 x
 LIST OF TABLES 
 
Table 1.1. Key properties of among Si GaAs, 3C-SiC, 4H-SiC and 6H-SiC. ..............3 
Table 2.1. Key parameters of Helios 2........................................................................40 
Table 2.2. Key parameters of HiSOR. ........................................................................44 
Table 2.3. The sublimation temperatures for organic molecule sources.....................47 
Table 6.1. C 1s and Si 2p photoemission intensities at two angles of clean EG 
sample. .......................................................................................................130 
Table 6.2. C 1s and Si 2p photoemission intensities at two angles of iron silicide 
intercalated EG sample. .............................................................................132 
 
 xi
 LIST OF FIGURES 
Figure 1.1. The atomic structure of SiC crystal. ...........................................................1 
Figure 1.2. The stacking sequence of SiC bilayers in three polytypes: 3C-SiC, 
4H-SiC and 6H-SiC. ......................................................................................2 
Figure 1.3. Atomic structures for SiC 3 × 3 reconstruction  and SiC √3 × √3R30° 
reconstruction.................................................................................................4 
Figure 1.4. Structure models of SiC nanomesh ............................................................9 
Figure 1.5. Artificially formed nanotemplates............................................................13 
Figure 1.6. Naturally formed nanotemplates for molecular assembly. .......................14 
Figure 2.1. Schematic energy diagram for the emission and detection of 
photoelectron................................................................................................21 
Figure 2.2. An energy distribution curve of SiC nanomesh after oxidation with 
photon energy set to 650eV. ........................................................................22 
Figure 2.3. The escape depth (IMFP) of electrons in different materials as a 
function of kinetic energy . ..........................................................................24 
Figure 2.4. The energy diagram in work function measurement . ..............................27 
Figure 2.5. XAS spectrum at Si K-edge by AEY mode at grazing angle. ..................29 
Figure 2.6. Energy level diagram and schematic photoemission spectra at 
different photon energies for XAS measurements.......................................31 
 xii
 Figure 2.7. A Schematic illustration of an Omicron STM/AFM system....................33 
Figure 2.8. A schematic setup of a LEED system . ....................................................36 
Figure 2.9. Ewald sphere construction in electron diffraction. ...................................37 
Figure 2.10. Real space lattice and corresponding LEED pattern. .............................38 
Figure 2.11. Schematic layout of the SINS beamline. ................................................40 
Figure 2.12..Schematic layout of the SINS beamline endstation at SSLS..................41 
Figure 2.13. The photograph of multichamber LT-STM system located at surface 
science lab, NUS..........................................................................................43 
Figure 2.14. The photograph of the endstation of Surface XAFS beamline at 
HSRC. ..........................................................................................................45 
Figure 2.15. The LEED patterns of SiC with different reconstructions. ....................46 
Figure 3.1. C 1s and Si 2p XPS spectra for SiC nanomesh sample. ...........................51 
Figure 3.2. C 1s and Si 2p XPS spectra after prolonged annealing at 1100°C. ..........52 
Figure 3.3. The STM images of two reconstructions on 6H-SiC(0001) surface. .......53 
Figure 3.4. Honeycomb cells deviating from translation axes in SiC nanomesh at 
intermediate length scales. ...........................................................................54 
 xiii
 Figure 3.5. Si K-edge NEXAFS spectra for different SiC surfaces measured using 
Si KVV Auger-electron yield at normal emission and a grazing angle of 
70° . ..............................................................................................................57 
Figure 3.6. Si K-edge NEXAFS spectra for different SiC surface structures using 
fluorescence yield. .......................................................................................59 
Figure 3.7. Theoretical calculated Si K-edge NEXAFS spectra for 6H-SiC 
clusters with different sizes..........................................................................61 
Figure 3.8. Theoretical calculated Si K-edge NEXAFS spectra for 6H-SiC 
clusters with 48 atoms and different numbers of vacancy at the next-
nearest neighbor of the center Si atom.........................................................62 
Figure 3.9. Si K-edge EXAFS spectra for different SiC surfaces measured using 
Si KVV Auger electron yield at a grazing angle of 70°................................65 
Figure 3.10. Fourier transforms of the Si K-edge EXAFS data for different SiC 
surface structures measured by using Auger yield at both normal 
emission and an emission angle of 70°. .......................................................66 
Figure 4.1. XPS spectra of nanomesh sample at successive oxidation steps..............72 
Figure 4.2. Core level photoemission spectra of pristine and oxidized SiC 
nanomesh sample. ........................................................................................74 
Figure 4.3. The SiC nanomesh surface at different oxidation temperatures...............76 
Figure 4.4. Graphene networks on oxidized nanomesh surface. ................................78 
Figure 4.5. Graphene networks on the nanomesh sample oxidized at 1050°C...........79 
Figure 4.6. Schematic model of SiC nanomesh during oxidation at 900°C. ..............81 
 xiv
 Figure 5.1. C60 on SiC nanomesh surface. ..................................................................87 
Figure 5.2. 500 × 500 nm2 STM empty state images of SiC nanomesh with 
different C60 coverages. ...............................................................................88 
Figure 5.3. STM images of C60 on Ag(111) and on HOPG........................................89 
Figure 5.4. Synchrotron UPS spectra for C60 on SiC nanomesh at different 
coverages......................................................................................................92 
Figure 5.5. Synchrotron based XPS spectra of C 1s and Si 2p for C60 on SiC 
nanomesh at different coverages..................................................................94 
Figure 5.6. STM images of SiC nanomesh/graphene mixed phase surface................96 
Figure 5.7. CuPC molecules on SiC nanomesh. .........................................................97 
Figure 5.8. The CuPc single-molecular array on the SiC nanomesh surface............100 
Figure 5.9. Core level photoemission spectra of Si 2p and C 1s of CuPc on SiC 
nanomesh. ..................................................................................................102 
Figure 5.10. Work function change due to absorption of CuPc................................103 
Figure 5.11. Pentacene molecules on SiC nanomesh................................................105 
Figure 5.12. Quasi-amorphous pentacene layer on SiC nanomesh...........................107 
Figure 5.13. PES spectra for pentacene on SiC nanomesh at different coverages. ..109 
Figure 6.1. 15 × 15nm2 images of epitaxial graphene at different tip biases............115 
 xv
 Figure 6.2. XPS spectra of O 1s, Si 2p and C 1s for oxidized EG at different 
temperature and oxygen dosages. ..............................................................116 
Figure 6.3. STM images of EG before and after oxidation.......................................117 
Figure 6.4. Two types of flakes on oxidized EG sample. .........................................119 
Figure 6.5. Clusters on oxidized EG sample.............................................................120 
Figure 6.6. Oxidation induced pit on oxidized EG sample. ......................................121 
Figure 6.7. Defects on oxidized EG sample..............................................................123 
Figure 6.9. The change of work function during Fe deposition on EG. ...................125 
Figure 6.8. XPS spectra of C 1s and Si 2p of Fe deposition on graphene. ...............125 
Figure 6.10. Photoemission spectra of C 1s and Si 2p before and after annealing...126 
Figure 6.11. Photoemission spectra of Fe 2p before and after annealing. ................126 
Figure 6.12. C 1s and Si 2p core level photoemission of EG. ..................................129 
Figure 6.13. A schematic layer-by-layer model of EG on SiC. ................................130 
Figure 6.14. A schematic picture of z-position of iron silicide in EG sample..........132 
 
 xvi
 LIST OF ABBREVIATIONS 
 
AEY   Auger Electron Yield 
ARPES  Angular Resolved Photoelectron Spectroscopy 
ARUPS  Angular Resolved Ultraviolet Photoelectron Spectroscopy 
AFM   Atomic Force Microscopy 
BE   Binding Energy 
BLG   Bilayer Graphene 
DFT   Density Functional Theory 
DOS   Density of States 
EDC   Energy Distribution Curve 
EG   Epitaxial Graphene 
EXAFS  Extended X-ray Absorption Fine Structure 
EY   Electron Yield 
FWHM  Full Width at Half Maximum 
FY   Fluorescence Yield 
HOPG   Highly Oriented Pyrolytic Graphite 
HREELS  High Resolution Electron Energy Loss Spectroscopy 
IMFP   Inelastic Mean Free Path 
KRIPES  Momentum-resolved Inverse Photoelectron Spectroscopy 
LDOS   Local Density of States 
LEED   Low Energy Electron Diffraction 
 xvii
  xviii
LT   Low Temperature 
MBE   Molecular Beam Epitaxy 
ML   Monolayer 
NEXAFS  Near Edge X-ray Absorption Fine Structure 
PEY   Partial Electron Yield 
PES   Photoelectron Spectroscopy 
RFM   Refocusing Mirror 
SiC   Silicon Carbide 
SLG   Single Layer Graphene 
STM   Scanning Tunneling Microscopy 
TEY   Total Electron Yield 
UHV   Ultrahigh Vacuum 
UPS   Ultraviolet Photoelectron Spectroscopy 
VT   Variable Temperature 
XAS   X-ray Absorption Spectroscopy 
XRD   X-ray Diffraction 
XPS   X-ray Photoelectron Spectroscopy 
 CHAPTER 1 INTRODUCTION 
1.1 Silicon carbide and its surface reconstructions 
1.1.1 The structure and properties of silicon carbide 
Silicon carbide (SiC) is a binary material with a 1:1 ratio of carbon and silicon 
atoms. Each Si (C) atom is covalently bonded to four nearest-neighbor C (Si) atoms in 
a tetrahedral coordination (sp3 configuration) similar to the diamond structure.[1] 
With two different atoms in this tetrahedral structure, the atomic structure of SiC is 
 
Figure 1.1. The atomic structure of SiC crystal.  
 
often described by Si-C bilayers stacked perpendicularly to the bilayer plane (figure 
1.1) with the inter-bilayer distance at 1.89Å and the intra-bilayer distance at 0.63Å. 
From the view above the SiC surface, the stacking of bilayers is similar to the fcc 
structure, containing three equivalent stacking sites shown in the inset of figure 1.2. 
  1 
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After accommodating the first bilayer at the site “A”, the second bilayer has a choice 
to sit at either the site “B” or “C”. The third bilayer may choose either “A” or “C” or 
“A” or “B” depending on the choice of the second bilayer. This gives rise to a variety 
of stacking sequences in the crystal structure of SiC. In crystallography, this 
difference in stacking sequences is called polytypism.[2] More than 200 polytypes in 
the SiC bulk structures have been determined.[3] Among all polytypes, three of them 
(3C-SiC, 4H-SiC and 6H-SiC) are commonly observed and thus widely studied. The 
 
Figure 1.2. The stacking sequence of SiC bilayers in three polytypes: 3C-SiC, 4H-SiC and 
6H-SiC. The lateral position of bilayer A, B and C is shown in the inset. 
 
stacking sequences of 3C-SiC, 4H-SiC and 6H-SiC are schematically shown in figure 
1.2. The SiC surfaces can be cut from either side of the Si-C bilayer, giving rise to 
either Si termination or C termination on the surfaces. As shown in figure 1.1, two 
terminations complementarily appear on two sides of the SiC bulk and are called the 
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Si-face or C-face, respectively. In hexagonal SiC crystals, the Si-face and C-face are 
denoted by ( and0001) (0001) , respectively. 
Owing to its wide band gap and thermal stability, SiC is a promising 
semiconductor for electronic applications in harsh environments.[4-7] For example, 
the high breakdown field of SiC makes it suitable for high voltage applications. The 
high thermal conductivity and wide band gap of SiC enables it to operate at high 
power and high temperature conditions. The key properties of Si, GaAs, 3C-SiC, 4H-
SiC and 6H-SiC are listed in table 1.1. In fact, the SiC based electronic devices are 
already available in market. 
Table 1.1. Key properties of among Si, GaAs, 3C-SiC, 4H-SiC and 6H-SiC.[3, 8]  
 Si GaAs 3C-SiC 4H-SiC 6H-SiC 
Crystal structure Diamond Zinc Blende Zinc Blende Hexagonal Hexagonal 





Band gap (eV) 1.12 1.42 2.40 3.29 3.10 
Breakdown field (V/cm) 3×105 4×105 ~1×106 (3~5)×106 (3~5)×106 
Thermal conductivity 
(W/(cm·ºC)) 
1.5 0.5 3.2 3.7 3.6 
 
1.1.2 The evolution of 6H-SiC(0001) surface reconstructions 
Due to the breaking of translational symmetry at the solid surface, atoms at the 
surface only have half of their coordination in comparison to those in the bulk. As 
such, surface atoms normally undergo self-rearrangement both in-plane and out of 
plane to minimize their surface energy. This rearrangement is known as a surface 
reconstruction. The reconstructed surface may show very different structural and 
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electronic properties from bulk materials. Thus, studies of surface reconstructions 
have a fundamental importance for a particular surface. The knowledge obtained from 
these studies serve as the basis for all other application-level studies.  
Among all reconstructions observed on SiC surface, a series of reconstructions on 
(0001) face evolving from the silicon-rich 3 × 3, √3 × √3R30°, carbon-rich 6√3 × 
6√3R30° (or SiC nanomesh) to 1 × 1 graphene have been extensively studied over the 
past two decades.[1, 9-15] One common point in the evolution is that all these 
reconstructions are driven by the thermal desorption of surface silicon atoms. Due to 
the structure similarity, this evolution is also observed among 3C-SiC(111), 4H-
SiC(0001) and 6H-SiC(0001) surfaces. In this thesis, the 6H-SiC(0001) sample is 
investigated as the model system.  
 
Figure 1.3. Atomic structures for SiC 3 × 3 reconstruction (left)[16] and SiC √3 × √3R30° 
reconstruction (right).[17]  
 
Among all four surface reconstructions in the evolution, the first two are well 
understood but the later two are still controversial. This evolution begins from the 
silicon-rich 3 × 3 reconstruction. The formation of this reconstruction requires 
annealing at 850─1000°C with external silicon flux.[11, 13, 15] This reconstruction is 
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described as silicon adatom + silicon trimer on top of a twisted silicon adlayer, 
containing 41
9
 layer of excessive silicon atoms on the outermost silicon carbide 
bilayer (figure 1.3 left panel).[18, 19] Owing to the presence of silicon dangling 
bonds, this reconstruction is reactive to various adsorbates.[20-23] The subsequent √3 
× √3R30° reconstruction is prepared either by annealing the SiC 1 × 1 or 3 × 3 
reconstructions at 950°C to 1000°C without silicon flux.[24-26] This reconstruction is 
described by a silicon adatom on top of the T4 site of bulk SiC (figure 1.3 right 
panel).[17] Therefore, this reconstruction is still silicon rich but only has 1
3
 layer of 
excessive silicon atoms. Similar to the previous reconstruction, the √3 × √3R30° 
reconstruction is also reactive to adsorbates.[27]  
Unlike the first two reconstructions in this evolution, the third is carbon rich, as 
confirmed by AES, XPS and other surface analytical techniques.[9, 10, 15, 28] This 
reconstruction can be obtained by subsequent annealing of √3 × √3R30° 
reconstruction at the temperature between 1050°C and 1150°C.[10, 26] Based on its 
LEED patterns, this surface was initially referred to as the 6√3 × 6√3R30° 
reconstruction.[10] However, Owman et al. studied this LEED pattern and interpreted 
it as the combination of 6 × 6, 5 × 5 and √3 × √3.[26] Riedl et al. argued that the 6√3 
× 6√3R30° did exist although the 6 × 6 and 5 × 5 reconstructions also played an 
important role in their interpretation of this LEED pattern.[29] Therefore, the name 
“6√3 × 6√3R30°” is controversial or at least insufficient to represent this surface 
structure. However, many authors continue to use this name for consistency. 
Meanwhile, STM studies of this reconstruction suggest a different structure. Li et al. 
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revealed a 6 × 6 honeycomb-like topography on this reconstruction.[15] Owman et al. 
also observed 5 × 5 patterns on this surface.[26] However, no direct observation of 
6√3 × 6√3R30° periodicity has been confirmed in STM studies. Chen et al. 
discovered that the diameters of honeycomb cells were dependent on the annealing 
time, and called this surface reconstruction a “carbon nanomesh” based on its 
topography in STM.[28] In this thesis, we discover that the silicon atoms, although 
deficient at surface, do exist in this reconstruction and may play an important role in 
these atomic structures. Thus, the name “carbon nanomesh” is not accurate to describe 
this surface and the term “SiC nanomesh” will be used in this thesis to give a better 
interpretation to this surface.  
The last reconstruction in this evolution is 1 × 1 graphene, prepared by the 
annealing of previous reconstruction at 1200°C or higher.[10, 30] At such 
temperatures, the surface continues to graphitize due to silicon desorption and 
eventually transforms into epitaxial graphene (EG). Although this graphene structure 
was observed by Van Bommel and his coworkers at 1975, it did not attract much 
attention until Novoselov and his coworkers discovered the novel properties of 
graphene exfoliated from HOPG sample.[31-33] Later on, experimental studies 
confirmed that the EG on SiC exhibits similar properties with the exfoliated 
graphene.[34-36] Due to the convenience of its preparation method, EG on SiC 
becomes an important platform for the exploration and characterization of the 
graphene properties.[37-41] However, the properties of EG layer are slightly different 
from exfoliated graphene due to the interactions to its supporting layer, the SiC 
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nanomesh, which can be observed as a 6 × 6 modulation to the graphene 
networks.[34, 42] These interactions not only give rise to the 6 × 6 modulation to the 
graphene networks, but also alter the electronic structure by electron doping which 
moves its Fermi level 0.3eV upwards from its Dirac point.[39, 43] Thus, knowledge 
of the SiC nanomesh is needed to fully understand the properties of EG. The 
interaction between EG and SiC nanomesh also affects the formation of EG layers. 
Different growth mechanisms based on experimental observations are suggested, but 
the lack of understanding about the atomic structure of the SiC nanomesh hinders 
further evaluation of these assertions.[42, 44-48] Thus, as the least understood surface 
structure, the study of the SiC nanomesh not only provides understanding to this 
unique reconstruction but also helps us understand the properties of EG. 
 
1.1.3 The SiC nanomesh 
The discovery of the SiC nanomesh was attributed to Von Bommel and his 
coworkers who observed this surface in LEED for the first time.[10] From the AES 
data, they revealed the richness of carbon atoms and speculated this reconstruction to 
be a graphene layer on top of SiC bilayer. This is not surprising because the 
superstructure with unit cell 6√3 times the SiC lattice is commensurate with the 
graphene lattice. Based on this fact, many models were developed to explain how the 
graphene layer is bonded to the substrate. The first and the simplest model proposed a 
graphene layer above SiC 1 × 1, with no covalent bonding.[49] However, XPS studies 
challenged this model as the graphene signal appeared at temperatures much higher 
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than SiC nanomesh formation.[9] Another subsequent study by momentum-resolved 
inverse photoemission spectroscopy (KRIPES) techniques observed the carbon π* 
states which was the clear evidence for sp2 hybridized carbon at temperatures as low 
as 1080°C.[50] Thus, sp2 hybridized carbon does exist in SiC nanomesh though it is 
not in the form of graphene. This is further confirmed by Emtsev et al., who did the 
angular-resolved photoemission spectroscopy (ARPES) study of SiC nanomesh and 
graphene, revealing that the characteristic linear dispersion around Dirac point of EG 
(or “free” graphene) appears in 1 × 1 graphene while SiC nanomesh only showed 
several localized states close to the Dirac point.[51] Recently, an intercalation of 
hydrogen atoms through graphene and SiC nanomesh layer showed that the SiC 
nanomesh transforms into a graphene layer after hydrogen intercalation.[52, 53] 
These results imply that the SiC nanomesh should have structure similarities to 
graphene network as it can be reversibly transferred into graphene form by hydrogen 
intercalation. Cross-sectional TEM study of SiC nanomesh and EG also supports this 
assertion as both SiC nanomesh and graphene have similar lamella structure except 
the different in interlayer spacing.[54] As a result, the SiC nanomesh is regarded as a 
pseudo-graphene layer with covalent bonding to the SiC substrate (figure 1.4a).  
Several atomic models of the SiC nanomesh explaining how this pseudo-
graphene layer is bonded to the substrate have been proposed. As the 6√3 × 6√3 
lattice is too large to give practical information by calculation, graphene network 
bonds to the silicon dangling bonds of √3 reconstruction is proposed.[55, 56] Without 
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Figure 1.4.  Structure models of SiC nanomesh. a, graphene network on SiC (0001);[49] b, 
phenomenological model to explain 6√3 periodicity on 6 × 6 honeycombs;[29] c, graphene 
nanoisland model;[28] d, pentagon and heptagon rings model for SiC nanomesh;[57] e, 
covalent bonding model.[58]  
 
involving the large unit cell of 6√3 × 6√3, this model with a √3 unit cell provides a 
feasible basis for practical calculations. However, the calculation based on this model 
could only provide some preliminary results due to the over simplification and thus 
unable to explain the 6√3 periodicity and the complex structures in the SiC nanomesh. 
Later on, models based on experimental evidence were brought out to explain the SiC 
nanomesh. Chen et al. proposed that SiC nanomesh contains 6 × 6 periodic graphene 
nanoislands (figure 1.4c).[28] However, the 6 × 6 periodicity was not been observed 
by ARPES. Riedl et al. also proposed a phenomenological model in which the 
honeycomb-like cells with “6 × 6” periodicity possess two different sizes, giving rise 
to a 6√3 × 6√3 periodicity (figure 1.4b).[29] Using the same approaching, Kim et al. 
proposed a detailed SiC nanomesh model by covalent bonding of the graphene layer 
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to the SiC 1 × 1 substrate (figure 1.4e).[58] Recently, Qi et al. further suggests the top 
layer not only contains hexagon rings but also pentagon and heptagon rings (figure 
1.4d).[57] Although these models successfully shows a 6√3 × 6√3 periodicity by 
dividing 6 × 6 honeycomb cells into two different sizes, these models also contain 
many inconsistencies from the experimental observations.[28, 29] As carbon atoms in 
SiC nanomesh are believed to form a graphene-like framework, the possible role of 
silicon atoms in this superstructure has largely been ignored. Few papers studied the 
role of silicon atoms in the SiC nanomesh though it is known that silicon desorption is 
the driving force for this evolution. Ong et al. proposed a SiC nanomesh model using 
silicon clusters on the surface.[59] However, this model is unable to explain the sp2 
hybridization of carbon atoms in this surface.  
Despite all the efforts, no conclusive model has been established to explain 
several characteristics of this unique surface. One well-known apparent contradiction 
is that this reconstruction shows a 6√3 × 6√3R30° pattern in LEED but a 6 × 6 
honeycomb structure in STM.[10, 15] To explain this contradiction, speculative 
models decomposing the LEED pattern into combinations of several surface 
reconstructions or by creating a 6√3 × 6√3R30° periodicity by hypothesizing 
alternative arrangement of two different 6 × 6 honeycomb cells in STM images have 
been proposed.[26, 29] However, these speculations are only phenomenological 
explanations and need further investigation. 
Another character of this surface which has been observed for long time, but 
receives little attention is its transition kinetics. Unlike other surface reconstructions 
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which show an abrupt phase transition from one structure to another, the SiC 
nanomesh exhibits an unusually slow transition from its preceding phase, i.e. the √3 × 
√3R30° reconstruction and to its succeeding phase, i.e. the 1 × 1 graphene. The 
slowness of the first transition is observed in LEED whereby 6√3 × 6√3R30° and √3 
× √3R30° patterns are mixed at the beginning of SiC nanomesh formation, [26, 28] 
while the slowness of the second transition is observed in STM where the SiC 
nanomesh and graphene are observed to coexist on the same terrace during the 
formation of graphene layers.[38, 47, 60] Although the slow speed in the transitions 
can be generally attributed to the continuous loss of surface silicon atoms,[61] the 
relation between silicon desorption and the structural changes of the SiC nanomesh 
remains unclear.  
The last character of the SiC nanomesh is its structure complexity which is 
obviously related to its unusual transition kinetics. First, at least two sub-phases (6 × 6 
honeycomb and 5 × 5 cluster) are observed on this surface by STM.[26] The ratio of 
the two sub-phases varies depending on preparation methods and annealing 
temperatures. Second, its topography in STM has a highly disordered appearance. The 
disorder of this surface will be discussed in this thesis. In fact, it is problematic to 
treat the SiC nanomesh as a single surface reconstruction. Instead, we regard this 
surface as a collection of the surface rearrangements based on our observations.  
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1.2 Nanotemplates in nanotechnology research 
The concept of utilizing the single molecule as the building block for electronic 
and other types of nanodevices is well known. It has been proposed that a single 
molecule could operate as a diode,[62, 63] a transistor[64, 65] or a storage unit.[66] 
However, to place these molecules discretely at specific atomic sites on the surface is 
challenging as the molecules tend to aggregate on a surface. The scanning tunneling 
microscope tip has been demonstrated as being able to manipulate atoms or molecules 
on the surface to form desired patterns.[67, 68] This serial method is slow as only one 
molecule can be moved each time, needing sophisticated control and having an 
extremely low yield. Furthermore, this method cannot eliminate the spontaneous 
aggregation of molecules on the surface and usually works at cryogenic temperature 
when the atoms or molecules are effectively frozen. 
The alternative strategy is to use nanotemplates to confine molecules at specific 
adsorption sites and in well-ordered patterns. The advantage of this strategy is that 
instead of reducing the movement of molecules by freezing them, a local barrier is 
applied to limit the aggregation of target molecules. 
The family of nanotemplates can be divided into two types by fabrication 
methods: natural nanotemplates and artificial nanotemplates. Many examples of 
artificial nanotemplates have been fabricated via several methods.[69] In figure 1.5, 
three typical nanotemplates made via hydrogen bonding, host-guest molecule 
inclusion and metal-organic coordination are shown. The middle image in figure 1.5 
shows guest molecules accommodated into the cavity of host molecules, appearing as  
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Figure 1.5. Artificially formed nanotemplates. Left, PTCDI-melamine supramolecular 
network via hydrogen bonding;[70] Middle, Inclusion of fullerene at the cavity of bowl-
shaped calyx[8]arene molecules;[71] Right, metal-organic coordination network by Co atoms 
and ditopic dicarbonitrile-polyphenyl molecules.[72] 
 
the most straightforward method. In this method, strong molecule-substrate 
interaction is often needed to maintain the cavity open orientation. Thus, the 
application of porous molecules is limited to particular substrates which are able to 
maintain the appropriate molecular orientation for guest molecule capture. 
Furthermore, the synthesis and purification of these cavity-containing molecules are 
generally complicated and time-consuming. The images at the left side of figure 1.5 
show supramolecular networks which are constructed by small molecular components 
via hydrogen bonding, while images on the right show that it is driven by metal-
organic coordination. [70, 72, 73]Holes in these networks are capable of 
accommodating various guest molecules. For instance, fullerene molecules are 
accommodated in the networks of perylene tetra-carboxylic di-imide (PTCDI) and 
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melamine.[70] However, these templates are often volatile, easily changing from one 
shape to another depending on the coverage and ratio of molecular components.[74, 
75] Other kinds of molecular networks based on dipole-dipole interactions and Van 
der Waals interactions are also observed, but their networks structures are less 
predictable.[76]  
 
Figure 1.6. Naturally formed nanotemplates for molecular assembly. a. C60 chains on 
Au(788) vicinal surface;[77] b. Fe islands on Cu/Pt(111) strain-relief pattern;[78] c. 1-
nitronaphthalene (NN) on Au(111) reconstructed surface;[79] c' and c" show internal 
structure of one NN cluster; d. CuPc atoms attracted in BN nanomesh.[80]  
 
Naturally formed nanotemplates have also been studied for a long time. In figure 
1.6, several reported nanotemplates including vicinal surfaces,[77, 81] strain-relief 
patterns,[78] surface reconstructions,[79] and corrugated surfaces[82] are shown. 
These nanotemplates exhibit good stability compared to supramolecular structures. 
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One good example is the boron nitride (BN) nanomesh.[82] With the 2 nm hole and 
the 3.2 nm lattice constant, it is successfully demonstrated as a potential template to 
trap single molecules or atoms inside its “holes”.[80, 82, 83] The SiC nanomesh, 
which exhibits honeycomb-like surface corrugation in STM images, is a potential 
candidate as a natural nanotemplate. The pioneering study of the template effect of 
SiC nanomesh was done by Chen et al. in our group who observed a dispersive 
distribution of Ni clusters on this surface due to dewetting.[84] Poon et al. repeated 
this experiment on a SiC nanomesh/graphene surface using Co atoms.[60] Co atoms 
also aggregated into dispersive clusters preferentially attached to the SiC nanomesh. 
These dispersive metal clusters reveal the template effect of SiC nanomesh. However, 
the template effect via organic molecules has not been carried out prior to this work. 
In this thesis, the absorption of organic molecules on the SiC nanomesh is studied by 
STM and XPS. The results reveal that the SiC nanomesh could serve as an effective 
nanotemplate for selected organic molecules.  
 
1.3 Intercalation and chemical reactions at the graphene surface 
The phenomenon of adsorbates intercalating at monolayer graphite/metal 
surfaces has been known for a long time. Rare earth, alkali metal, noble metal, 
transition metal and even some organic molecules such as fullerene [85, 86] can be 
intercalated at various metal/monolayer graphite surfaces. This phenomenon can be 
partially understood by the weak interactions between EG and metal surface. Several 
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studies of this phenomenon using angle resolved ultraviolet photoemission (ARUPS), 
high resolution electron energy loss spectroscopy (HREELS) and Auger electron 
spectroscopy have been previously reported.[87, 88] Since the recent interest in 
controlled monolayer epitaxial graphene (EG) growth, intercalation at EG interfaces 
has been revisited.[89] Due to the outstanding electronic optical, mechanical, and 
thermal properties of graphene,[35, 90] the engineering of graphene to fit device 
requirements by fabricating graphene nanoribbons and adding functional layers such 
as dielectric layers are proposed. The phenomenon of intercalation provides another 
graphene engineering route by intercalation of an external layer at the bottom of the 
graphene layer.  
Unlike the intercalation of EG on metal surfaces, which is well understood, the 
intercalation of EG on SiC has been investigated by only a few groups. Riedl et al. 
observed a reversible hydrogen atom intercalation of EG on SiC by means of 
ARUPS.[52] Furthermore, Virojanadara et al. found that monolayer graphene and the 
nanomesh layer can be transformed into bilayer graphene by atomic hydrogen in a 
reversible manner.[53] Both studies suggest the chemical reactions between 
adsorbates and the SiC nanomesh occur after intercalation. Thus, the intercalation and 
subsequent chemical reactions at the interface should be carefully studied to 
understand this phenomenon. Our study further reveals that silicon atoms are involved 
in the chemical reactions with adsorbates at the EG/SiC interface region.  
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1.4 Research objectives 
To understand the atomic structures of a surface is always the primary task in 
surface science. This understanding serves as the starting point for the studies of other 
surface related phenomena, such as absorption, reaction, diffusion and etc. Since its 
discovery from three decades ago, the SiC nanomesh surface has yet to be fully 
understood. Due to its large unit cell (108 times of the unit cell of SiC) and more 
critically, the defective appearance in STM observations, the proposed models of this 
surface has failed to achieve complete agreement with experimental observations to 
date. According to its carbon richness, most studies ignore silicon atoms and build 
their models solely based on carbon atoms. However, the richness of carbon atoms 
does not necessarily preclude silicon atoms in this rearranged layer. In the evolution 
from the SiC nanomesh to graphene, silicon atoms are continuously desorbed from 
the surface, which also imply that there should be a certain amount of silicon atoms at 
the surface for desorption. 
In this thesis, special attention has been paid to the Si atoms in the study of the 
SiC nanomesh structure. In chapter 3, the local environment of silicon atoms in the 
bulk of SiC and at the surface region is studied by XAS. Complementary XPS and 
STM studies are also done to give an in-depth understanding of surface disorders. In 
chapter 4, oxidation of the SiC nanomesh is investigated at elevated temperature. The 
results show a transition of SiC nanomesh to EG by oxidation which provides a novel 
way to study the formation of EG. This study also reveals the importance of silicon 
atoms in the transition from the SiC nanomesh to EG.  
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In chapter 5, the SiC nanomesh is used as a nanotemplate for the adsorption of 
three organic molecules, namely fullerene (C60), copper phthalocyanine (CuPc) and 
pentacene. Two of them (CuPc and pentacene) exhibit regulated growth on this SiC 
nanomesh but not C60 due to its weak molecule-substrate interactions. In chapter 6, 
the intercalation of graphene layer by oxygen molecules and iron atoms are studied. 
The results confirm the intercalation effects of both adsorbates. Furthermore, 
chemical reactions with silicon atoms at the interface are observed, suggesting a 
reactive intercalation phenomenon of epitaxial graphene on the SiC substrate. 
 CHAPTER 2 EXPERIMENT 
 
In this chapter, experimental details regarding this work are discussed. 
Photoemission based techniques including XPS, UPS, and XAS are reviewed in 
section 2.1. Other surface analytical techniques including STM and LEED are 
introduced in section 2.2. Experimental systems and synchrotron facilities are 
described in section 2.3. The sample preparation and other experimental details are 
addressed in section 2.4. 
 
2.1 Photoemission spectroscopy (PES) 
2.1.1 X-ray photoelectron spectroscopy (XPS) 
X-ray photoelectron spectroscopy measures the kinetic energy distribution of 
emitted photoelectrons excited by incident X-ray photons from a substance.[91] The 
origin of this technique can be traced back to the photoelectric effect, first observed 
by Heinrich Hertz in 1887. Albert Einstein introduced the quantum concept to explain 
this effect in 1905 which won him the Nobel prize in 1921.[92] However, 
measurements based on the photoelectric effect were not extensively utilized to study 
the materials due to the lack of capability to resolve the kinetic energy of electrons by 
a spectrometer. Modern XPS techniques appeared in the 1970s when high resolution 
electron spectrometers became available. XPS is also called electron spectroscopy for 
chemical analysis (ESCA) in chemistry to emphasize its ability in element 
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identification. Presently, the XPS techniques have become so widespread that they are 
used in many research frontiers.  
The fundamental principle of the photoemission process is the energy 
conservation law where incident photon energy (hν) equals to the sum of emitted 
electron kinetic energy (EK), the work function of sample (ΦS) and the binding energy 
of this electron (Eb).  
b Khν E E +Φ= + S      (2.1) 
By the measurement of EK, the binding energy of photoelectrons can be calculated. 
The obtained binding energy can be used to determine the elemental identification of 
atoms and to study the local chemical environment of atoms. However, the real 
photoemission process is much more complicated than this simple description. First, 
the emission of core electrons also causes the relaxation of remaining electrons in the 
same atom, affecting the kinetic energy of photoelectrons. The only exception is the 
hydrogen atoms or hydrogen-like systems such as He+, which only has one electron in 
its system. This many-body effect can be quite complicated when the system has 
many valence electrons. For example, emitted photoelectrons could liberate another 
electron from valence band to vacuum (shake-off) or bound state (shake-up) and lose 
some of its kinetic energy. For solid sample, the excited photoelectrons need to 
propagate to the surface before ejecting to vacuum. One commonly used model splits 
the complicated photoemission process into three independent processes: optical 
excitation between two Bloch states, propagation of excited electron to the surface 
and escape of electron from the surface into vacuum.[93] As a result, each step can be 
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treated separately and the total photoemission intensity is given by the product of 
probabilities associated with each step. The optical excitation of an electron is 
described by Fermi Golden rule transition probability,[94] which is dependent on 
2
,, kiHkf where ki,  and kf ,  are initial and final states with negligible change 





where A is the vector potential of the incident light and p the momentum operator. As 
the final states of photoelectrons are continuum states, their energy distribution is 
reproduced from the density of state (DOS) of occupied initial states. 
 
Figure 2.1. Schematic energy diagram for the emission and detection of photoelectron.[95]  
 
In practical measurements, the photoelectron spectrum or energy distribution 
curve (EDC) is obtained by sweeping the kinetic energy of photoelectrons in a certain 
range and keeping the photon energy constant. However, the Ek of emitted 
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photoelectrons relative to sample vacuum level Evac is not reachable; instead, the Ek’ 
relative to electron spectrometer is measured (figure 2.1). Thus, the binding energy of 
photoelectrons in acquired EDC is revised as: 
b KE hν E Φ′= − − A     (2.2) 
In this equation, Eb is the binding energy of emitted photoelectrons defined to be the 
separation in energy between its initial energy state and the Fermi level in the 
material; hν is the photon energy of incident photons; EK’ is the kinetic energy 
measured in EDC; AΦ  is the work function of the electron spectrometer. Due to the 
emission of electrons, the material is positively charged and the kinetic energy of 
emitted electrons is retarded by this self-generated positive electrical field. Thus, 
sample grounding or more specifically Fermi level alignment between the sample and 
the spectrometer is the prerequisite to achieve precise measurement of kinetic 
energies.  
 
Figure 2.2. An energy distribution curve of SiC nanomesh after oxidation with photon energy 
set to 650eV.  
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A typical wide range EDC of an oxidized SiC sample at photon energy 650eV is 
shown in figure 2.2. This curve consists of three features: a broad featureless peak at 
high binding energy, several element-specific sharp peaks and one bump indicating 
the CKLL Auger peak of the sample. The first feature is the secondary electron peak, 
which is attributed to secondary excited electrons generated by inelastic scattering 
process during propagation of photoelectrons. The second feature is attributed to the 
photoelectrons which conserve their initial kinetic energies. These sharp peaks have a 
Lorentzian shape and their intensities are proportional to the photoionization cross 
section of elements. The last feature is attributed to the Auger process, where 
relaxation of the excited final state causes one outer shell electron to jump into an 
inner shell hole, exciting another outer shell electron to vacuum.  
The element-specific core level peaks are the focus of XPS studies. First, these 
sharp peaks are from localized core levels with unique binding energies for different 
elements. Thus, XPS can be used to verify the presence of different elements. With 
appropriate considerations of photoelectron escape depths and photoionization cross 
sections, quantitative information of relative concentration of different elements can 
be acquired. Second, core-level peaks of the same element situated in different 
chemical environments show small shifts in binding energy. These binding energy 
shifts are called chemical shifts reflecting the degree of loss or gain of valence 
electrons of specific elements in the compound. These shifts may also be observed at 
the surface due to the symmetry breaking (dangling bonds) and reconstructions. 
Third, core level shifts also carry information on final state effects. At the high-energy 
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photoelectron limit, the response of the system to the creation of a hole is very small, 
and final state effects such as relaxation and screening are neglected. However, if the 
limit is not satisfied (low energy photoelectron limit), the final state effect can have a 
strong influence on the core level binding energy. Thus, the photoemission peaks 
provides information on how system responds to final state perturbations.  
 
Figure 2.3. The escape depth (IMFP) of electrons in different materials as a function of 
kinetic energy.[96]  
 
The surface sensitivity of XPS is an important advantage for surface studies. In 
the three-step model, photoelectrons need to travel to the surface before escaping. 
During this propagation, the electron has a certain probability to lose energy due to 
inelastic scattering. This probability is a function of electron kinetic energy and can be 
described by the energy-dependent inelastic mean free path (IMFP) of the electron, 
showing as the so-called “universal curve” in figure 2.3. Between 20−200eV, the 
escape depth of electrons is at a minimum smaller than 1nm, indicating a probe depth 
of less than several atomic layers. In addition, the surface sensitivity can be further 
enhanced by collecting photoelectrons at grazing angles.  
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2.1.2 Ultraviolet photoelectron spectroscopy (UPS) 
In principle, X-ray photons which are used to excite inner shell electrons can also 
excite valence electrons during XPS measurements. However, low-energy photons 
from discharge lamps or synchrotron storage rings are used more often to obtain UPS 
spectra due to two notable reasons. First, the high energy photons from an X-ray gun 
or a storage ring do not achieve high energy resolution compared to low energy 
photons, which basically hinder the resolving of the fine structures in the valence 
band. For example, the energy resolution can easily reach a few meV using Helium I 
(21.2 eV) or Helium II (40.8 eV) in UPS spectra. For synchrotron based UV photons, 
the energy resolution is dependent on the design of optics; however, resolution better 
than tens of meV is easily achieved. In this thesis, the synchrotron based UPS 
measurements have an energy resolution better than 0.05 eV. Second, high photon 
energy means small absorption cross section, which limits the intensities of UPS 
signals using X-rays. Therefore, UPS spectra normally refer to measurements using 
photon energies from several eV to 200 eV.  
The inner shell electrons, which sit deep inside the nuclei potential wells, are 
strongly localized around the nuclei with discrete binding energies. Although they can 
“feel” the changes in the surrounding electrical field by presenting a small binding 
energy “shift”, the binding energies of core shell electrons are largely determined by 
the nuclei fields and are thus elemental specific. The outer shell electrons, on the 
contrary, are weakly bound by the nuclei potential wells and extend far from the 
nuclei. These electrons lose their elemental characteristics due to heavy hybridization 
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to form the valence band. As the valence band is sensitive to the chemical reactions 
and other subtle interactions at surface and interface, the understanding of the valence 
band structure is very important in many surface related studies such as surface states, 
charge transfer and chemical reactions. For example, UPS spectra are widely used to 
probe the DOS of the sample valence band.  
According to the band structure of a solid, the binding energies of valence 
electrons depend on their momenta. Due to the conservations of energy and 
momentum in the photoemission process inside the solid, the excited photoelectrons 
from valence bands carry information which can be used to map the band structure of 
the sample. For that purpose, angle-resolved UPS records the kinetic energy and 
emission angles of valence band photoelectrons. However, when photoelectrons are 
emitted into the vacuum from the sample surface, only its momentum parallel to the 
surface ( ) is conserved but not those which are perpendicular to the surface (k& k⊥ ). 
Therefore, the band structure measured by ARUPS is actually the 2D k space 
projected from the real 3D space. In principle, k⊥  can be obtained from k  and E(k) 
using the energy conservation law. Thus, ARUPS is capable of probing the band 
structures of many crystals, especially for 2D crystals such as graphene[36, 39, 51] 
and copper-oxide perovskite crystals.[97]  
&
Another simple but important application of UPS is to determine the work 
function of samples ( ). In figure 2.4, the UPS curves before and after detection is 
shown in between of Evac and Emax. In figure 2.4a, photoelectrons which have a kinetic 
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Figure 2.4. The energy diagram in work function measurement. a. energy diagram for 
unbiased sample and electron analyzer. A work function offset Δ  is shown in graph to show 
the incorrect onset of low energy photoelectrons. b. energy diagram for sample with bias VB. 
relative to the electron analyzer The correct Eon can be detected by analyzer. 
 
analyzer) will fail to overcome the vacuum level barrier to reach electron analyzer. 
Therefore, the onset of UPS curve measured by electron analyzer cannot be used to 
determine . If a negative bias (VB) is applied to the sample, 5 V for example, the 
energy levels of the sample are upwards shifted (figure 2.4b). The work function of 
sample shown as the onset of low kinetic energy photoelectrons (Eon) becomes 
detectable for analyzer. Therefore, the work function of sample can be deduced from 
the following equations: 
SΦ
S A onΦ Φ E V= + − B      (2.3) 
For semiconductor samples, which have no DOS at the Fermi level, the work function 
obtained is relative to the virtual Fermi level. Thus, the determination of the 
ionization potential (IP) defined as the energy difference between the highest 
occupied molecular orbital (HOMO) and vacuum level is often needed instead of the 
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work function. The value of IP can be obtained by the same measurement similar to 
that for work function as IP = hν ─ W, where W is the spectral width. (figure 2.4b)  
 
2.1.3 X-ray absorption spectroscopy (XAS) 
Unlike XPS, which only studies the outgoing excited photoelectrons, X-ray 
absorption spectroscopy exploits the consequence of photon absorption including 
emission of photoelectrons and other secondary electrons to study sample properties. 
This absorption probability can be described by the X-ray absorption cross section 
xσ , defined as the number of photoelectrons excited per unit time divided by the 
number of incident photons per unit time per unit area.[98] The cross section can be 
calculated from the Fermi Golden Rule as follows: 
22 | | | | (x )ff V i Q EF
πσ = < >=      (2.4) 
where F is the photo flux, | and |i > f >  the initial and final state of electron, V  the 
perturbation operator and  the energy density of final states. The final state of 
photoelectrons can be a bound or continuum state. In the spectrum of 
(fQ )E
xσ  versus 
photon energy, the cross section generally decreases with the increase of photon 
energy. However, at certain energies, the cross section suddenly increases, appearing 
as sharp edges in the spectrum. The presence of the adsorption edges is the response 
to a new absorption channel. The cross section slowly decreases when the photon 
energy increases further. In figure 2.5, a typical XAS spectrum is shown. This 
spectrum can be divided into two parts. From the absorption edge up to about 50eV, 
strong oscillations can be observed in the spectrum. In this region, structures in XAS 
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are dominated by the density of final states, e.g. the unoccupied states of a solid, and 
electron multi-scattering processes. As such, this region of the spectrum is often 
referred to as the Near Edge X-ray Absorption Fine Structure (NEXAFS). The curve 
above the NEXAFS region (50eV to 1000eV above the edge) exhibits longer range 
oscillations with smaller amplitude. This part of XAS is known as the Extended X-ray 
Absorption Fine Structure (EXAFS). In this region, absorption induced 
photoelectrons jump to continuum states and only contribute to a monotonically 
decreasing background. However, forward-propagating electron waves interfere with 
back scattered electron waves from its nearest neighbors (atoms) giving rise to 
additional oscillations in the EXAFS spectra. Using a proper mathematical model, 
structural information such as the bond length, coordination number can be extracted 
from EXAFS.  
 
Figure 2.5. XAS spectrum at Si K-edge by AEY mode at grazing angle.  
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In XAS measurements, the change of X-ray absorption cross section ( xσ ) is 
recorded versus the incident photon energy across the adsorption edges. As such, 
variable photon energy is the prerequisite of this measurement and is only available at 
synchrotron facilities. In experiments, either electron yield (EY) or fluorescence yield 
(FY) detection modes can be used to measure the change of xσ . This is because both 
signals are the consequence of core-hole recombination which emits either photons or 
electrons. However, at low energy and for light elements, Auger electron emission 
dominates the recombination process while photon emission dominates at high energy 
and for heavy elements. As such, FY is often used in the hard X-ray region and EY is 
often used in the soft X-ray region. EY and FY modes show different probe depth due 
to shorter and longer escaping depth of electrons and photons, respectively. In FY 
mode, probe depth can reach several microns, which is typically dominated by bulk 
signals. In EY mode, probe depth is limited to several nanometers and basically 
surface sensitive. Thus, FY mode and EY mode can be combined if signals from 
different depths are of interest.  
The photoelectron signals at three characteristic photon energies (pre-edge, edge 
and after edge) are shown in figure 2.6. All emitted photoelectrons including Auger 
electrons, photoemission electrons and secondary electrons contribute to the 
absorption signals (shown as the area marked by lines in figure 2.6b and 2.6c). 
However, these electrons have different probe depth and sensitivity. Photoemission 
electrons, which are emitted only after photon energies above hν2 in figure 2.6b 
usually is not suitable to be measured alone in XAS. Auger electrons have the shortest 
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Figure 2.6. Energy level diagram and schematic photoemission spectra at different photon 
energies for XAS measurements.  (energy axis is not in scale) a) hν1 is below threshold of 
core level A, only core level B and VB electrons can be excited. b) hν2 just above the 
absorption threshold of shell A. Auger process for core hole at shell A is allowed. c) hν3 far 
above threshold of shell A. TEY: all electrons are measured. PEY: electrons with higher 
kinetic energy than Ep are measured. AEY: only auger electrons are measured. [98]  
 
probe depth. Secondary electrons, which are the derivates of above two types of 
electrons, have larger probe depth than the other two types of electrons. In 
experiments, three electron collection methods are often used: total electron yield 
(TEY), partial electron yield (PEY) and Auger electron yield (AEY). The electrons 
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collected based on their kinetic energies for three modes are shown at the bottom of 
figure 2.6. Among them, TEY is widely used due to its simplicity. This is because 
instead of counting all the emitted electrons, the TEY signal is obtained by measuring 
the photocurrent externally. In contrast, collecting of AEY signal typically involves 
an electron analyzer. Nevertheless, AEY signal is the most surface sensitive compared 
to the other two methods. The surface sensitivity of these modes increases from TEY 
to PEY to AEY. By applying AEY at grazing angle, selective studies of the top few 
surface layers can be done. 
 
2.2 Surface analytical methods 
2.2.1 Scanning Tunneling Microscopy (STM) 
The invention of scanning tunneling microscopy by G. Binnig, H. Rohrer at 1981 
set a new milestone in the world of nanotechnology.[99] With this technique, 
sophisticated manipulation, interaction and measurement down to single atoms are 
achieved.[67, 68] The basic principle of the STM relies on the tunneling effect in 
quantum mechanics. Electrons at the STM tip have a finite probability to tunnel 
through an energy barrier even if the electrons have insufficient energy to overcome 
this barrier. This probability is called the tunnel coefficient P and can be expressed as: 
( 2kdP e −= )       (2.5) 
where k is equal to ( )2m V E− =/  and d is the width of barrier.  
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Figure 2.7. A schematic illustration of an Omicron STM/AFM system.  (Originated from 
Purdue university, Reifenberger Nanophysics Lab)[100]  
 
In a typical STM setup, a sharp metal tip is placed a few nanometers away from a 
conductive sample surface with a small bias applied between them. Electrons can 
tunnel through this gap to generate the tunneling current. The resulting tunneling 
current is a function of the width of gap, applied voltage, and the local density of 
states (LDOS) of the sample. The tunneling current has an exponential relationship to 
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the gap distance. For example, if the distance is decreased by 0.1 nm, the tunneling 
current will be increased by approximately one order of magnitude. By scanning the 
sample or tip in a raster pattern, an image can be generated representing the surface in 
real space. 
Although its principle is simple and straightforward, STM is a challenging 
technique which requires an extremely clean and stable surface, atomically sharp tips, 
excellent vibration control and sophisticated electronics. A typical Omicron 
STM/AFM system used in this work is schematically shown in figure 2.7. The 
scanning of this STM is realized by the movement of sample instead of tip. An XYZ 
piezotube is located at the back of the sample holder in charge of precise movement. 
Peripheral electronics are connected to the metal tip and conductive sample to apply 
bias, monitor tunneling current and feedback to control the movement of the tip. The 
sample and tip are fixed to a stage which is isolated from external vibrations by 
mechanical springs. An eddy current damping system is installed at the side of stage 
to achieve quick stabilization. Two modes are used in STM scanning: constant current 
mode and constant height mode. In the constant current mode, the distance of the tip 
from the surface is kept constant during scanning. To achieve this, tip is moved 
forward and backward by feedback control to maintain the constant tip-sample 
separation. In the constant height mode, the tip height is fixed, while the recorded 
tunneling current changes exponentially with changes of sample morphology. To 
avoid crashing of tip, a surface with less than 1nm corrugations is required in this 
mode.  
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It should be highlighted that STM does not directly probe the real surface 
topography but maps the LDOS. Due to the polarity of the bias, the images could 
either reflect the LDOS in filled state or in empty state. If the LDOS equals to zero at 
certain energies, the STM could fail to probe the topmost atoms on the surface if bias 
is set into such energy gaps. Thus, STM measurements need to be performed at 
suitable biases to avoid undesired images. Sometimes, when surfaces are composed 
by several atomic layers with different energy gaps, the proper selection of bias in 
measurement could give topographic images of underlying layers. For example, 
epitaxial graphene on SiC(0001) exhibits such a property. At high bias (typically 
sample bias at -2V), the epitaxial graphene layer is transparent, and images of the 
underlying interfacial layer are obtained. The topography of graphene networks 
becomes visible at low bias (typically less than 0.5V).[101]  
The sample temperature in STM acquisition is an important factor. Elevated 
sample temperatures are used if kinetics of surface structures is the interests of 
study.[102] Lowering the sample temperature is often needed to minimize thermal 
vibrations. Although liquid nitrogen temperature (77 K) is usually unable to freeze 
single atoms or molecules, this temperature is sufficient for self-assembled structures 
which are stabilized by intermolecular interactions and thus is widely used.[103] If 
the STM is cooled to liquid helium temperature (4 K), the majority of species on 
surface can be thermally frozen and single molecules and atoms can be easily imaged.  
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2.2.2 Low Energy Electron Diffraction (LEED) 
From the particle-wave duality principle, the electron possesses a wave-like 
nature with a wavelength described by the de Broglie equation: 
 h
p
λ =       (2.6) 
where p is the momentum of the electron. Low energy electrons (typically 10 to 
600eV) have wavelengths (0.5 to 4Å) comparable to lattice spacings of crystals. Due 
to the short escape depth of low energy electrons (about 0.5-1nm), LEED probes a 
few atomic layers of the surface. Therefore, surface diffraction patterns can be 
obtained by low energy electrons impinging on the surface of a crystal in UHV.  
 
Figure 2.8. A schematic setup of a LEED system. [104] 
 
A typical LEED system is schematically shown in figure 2.8. An electron gun is 
positioned at the center of the hemispherical fluorescent screen. Incident 
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monochromatic electron beams are perpendicularly projected onto a sample surface. 
Several selecting grids are positioned in front of a fluorescent screen allowing the 
diffracted electrons to reach the screen but blocking inelastically scattered electrons. 
Diffracted electrons hit the fluorescent screen and can be observed optically. By 
adjusting the incident electron energy, diffraction patterns can be zoomed in and out 
on the screen. The LEED system operates in UHV condition, both to minimize 
scattering of electrons by residual gases and to maintain a clean crystal surface.  
 
Figure 2.9. Ewald sphere construction in electron diffraction. Left panel, incident electron 
momentum vector k and reflected vector k0 is enclosed by a vector G to fulfill momentum 
conservation. Right panel, the case of normal incident electrons in LEED.[105] 
 
Similar to the Bragg law in X-ray diffraction, electron diffraction can be 
described by the Ewald sphere construction in which momentum conservation of 
electron is considered (figure 2.9 left panel).[106] The size of the Ewald sphere is 
determined by the momentum of electrons. In this sphere, the incident and reflected 
electron momentum vectors (k and k0) are vectorially related to the third vector G, in 
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reciprocal space. For instance, the normal incident electrons in LEED show 
diffraction spots at the intersections of the Ewald sphere and reciprocal lattice rods as 
illustrated in the right panel of figure 2.9. Thus, LEED patterns directly reflect the 
reciprocal lattice of a surface structure. The reciprocal lattice vectors  and  are 














      (2.8) 
As a result, the real space lattice can be calculated from LEED patterns by equations 
(2.7) and (2.8). The example in figure 2.10 shows the real space lattice and the 
corresponding LEED pattern of a √3 × √3R30° superstructure superimposed on the  
 
Figure 2.10. Real space lattice and corresponding LEED pattern. a) (0001) surface of a 
hexagonal lattice; b) a √3 × √3R30° superstructure is superimposed on the lattice in a). 
 38
Chapter 2 Experiment 
(0001) face of a hexagonal lattice, e.g. SiC(0001). This √3 superstructure shows a 
3
3
 lattice constant in LEED according to equations (2.7) and (2.8). From the LEED 
patterns, qualitative information on the relative size, symmetry and rotational 
alignment of the surface superstructures with respect to the substrate unit cell can be 
obtained. Moreover, the diffraction spot intensities versus incident electron beam 
energies or I-V profiles can give quantitative structural information via theoretical 
multiple scattering calculations. As a result, surface atom positions, interlayer 
spacings and other important structural information can be quantitatively 
evaluated.[107] 
 
2.3 Experimental systems 
In this thesis, several UHV systems including endstations attached to synchrotron 
facilities and dedicated STM chamber are used. These systems are described in detail 
in this section. 
 
2.3.1 SINS Beamline and Multichamber Endstation 
The Singapore Synchrotron Light Source (SSLS) is a second generation compact 
synchrotron facility located at the National University of Singapore (NUS). This 
facility was previously designed for mass X-ray lithography manufacturing and thus 
provides a user-friendly working environment (no evacuation required during beam 
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injection and quench) and long life-time (> 10 hours). The storage ring has a racetrack 
shape working at 700MeV with two superconducting 4.5T bending magnets. The 
critical parameters of this facility are listed in Table 2.1. 
Table 2.1. Key parameters of Helios 2.[108]  
Electron Energy  700MeV Characteristic photon energy 1.47keV 
Magnetic Field 4.5T Current (typical) 300mA 
Circumference 10.8m Source diameter horizontal 1.45-0.58mm 
Emittance 1.37µmrad Source diameter vertical 0.33-0.38mm 
Lifetime >10h Horizontal angular aperture of port 60mrad 
 
Figure 2.11. Schematic layout of the SINS beamline.  [109] 
 
The Surface, Interface and Nanostructure (SINS) beamline works at the soft X-
ray region covering photon energies from 50eV to 1200eV via four interchangeable 
spherical gratings.[110] The layout of this beamline is schematically shown in figure 
2.11 from the top and side. The beamline has three focusing mirrors; two mirrors are 
located before the monochromator chamber for vertical and horizontal focusing, and 
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one refocusing mirror (RFM) at the end of beamline to focus the monochromatic light 
to the sample position in the endstation. The incident photon intensity is monitored by 
the photocurrent on the gold-coated RFM using a Keithley electrometer. The 
beamline has an energy resolving power better than 2000 at a photon flux of about 
1010 photons/s at 100 mA storage current. The spot size at sample position is about 
1.5 × 0.2 mm2 (FWHM). 
 
Figure 2.12. Schematic layout of the SINS beamline endstation at SSLS. [111]  
 
The SINS endstation is schematically shown in figure 2.12. The endstation 
consists of two chambers interconnected by a gate valve. The main analytical 
chamber is equipped with a hemisphere electron analyzer (Omicron, EA-125) which 
has 7 channeltron electron multipliers with total energy resolution power (E/ΔE) 
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larger than 1000 at 1010 photon flux. A sputter-cleaned gold foil is fixed at the bottom 
of the manipulator electrically contacted with the sample. The BE of all PES spectra 
are thus referenced to the Fermi level of the gold foil. In-situ molecular beam epitaxy 
(MBE) growth can be performed in the main chamber by two e-beam evaporators for 
metal deposition (Co, Ni, Fe and etc.) and one Knudsen cell (MBE Komponenten) for 
the deposition of organic molecules. A sputter gun and a backup twin anode (Al, Mg) 
X-ray gun are also installed in the main chamber for sample cleaning and checking. A 
room temperature STM is installed in the main chamber allowing in-situ imaging of 
the surface and adsorbates. A loadlock system is connected to the main chamber 
allowing fast sample loading/unloading. In addition, a silicon source via direct current 
heating is installed in this chamber for SiC sample preparation. The sample can be 
transferred in-situ from the main chamber to the preparation chamber using the long 
transfer arm for further sample preparation. The preparation chamber is equipped with 
a LEED system, two leak valves for gaseous molecule deposition and one e-beam 
evaporator for metal deposition. The sample can be either resistively heated or 
directly heated on both manipulators. Both chambers are equipped with ion pumps, 
turbo pumps and titanium sublimation pumps to maintain a base pressure better than 1 
× 10-10 torr. 
 
2.3.2 Multichamber LT-STM system 
Consisting of one loadlock chamber, one preparation chamber and one STM 
chamber, this system is a dedicated UHV system for low temperature scanning 
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Figure 2.13. The photograph of multichamber LT-STM system located at surface science lab, 
NUS. [112]  
 
tunneling microscopy studies.[103, 113] A photograph of this system is shown in 
figure 2.13. The preparation chamber is equipped with two Knudsen cells, one sputter 
gun and one leak valve for sample cleaning and MBE growth. The growth rate is 
calibrated either by a quartz microbalance (QCM) or by STM. An Omicron low 
temperature STM interfaced to a Nanonis controller is installed in the STM chamber. 
The STM can be cooled to liquid nitrogen temperature (77K) or liquid helium 
temperature (4K) for scanning. The base pressure for STM chamber is better than 6 × 
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10-11 torr. The sample holder used in this system is compatible with the SINS 
beamline allowing ex-situ transfer and study of the same sample in both systems.  
 
2.3.3 Surface XAFS beamline (BL3), HSRC 
Hiroshima Synchrotron Orbital Radiation (HiSOR) is a second generation 
synchrotron facility located at the Hiroshima Synchrotron Radiation Center (HSRC), 
Japan. The storage ring is of a racetrack type with 2.7T conventional dipole magnets. 
This ring is designed to generate synchrotron light from the VUV to X-ray region. 
The critical parameters of this facility are listed in table 2.2.  
Table 2.2. Key parameters of HiSOR[114].  
Electron Energy 700MeV 
Circumference 21.95m 
Magnetic Field 2.7T 
Characteristic photon energy 0.87keV 
Current (typical) 300mA 
Emittance 0.4π mm mrad 
Lifetime >8h 
 
The Surface XAFS beamline (BL3) is situated at the bending magnet port of 
HiSOR. This beamline has a double InSb(111) crystal monochromator (DCM), 
designed to work from 800eV to 4000eV with energy resolution power (E/ΔE) larger 
than 2000.[115] The endstation houses an x-ray photoelectron spectroscopy (XPS) 
analyzer, low energy electron diffraction (LEED) optics, ion gun, fluorescence 
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detector, liquid He cooled manipulator and etc. (figure 2.14) The XAS signal can be 
measured in AEY (from electron analyzer), TEY (from photocurrent) and FY modes 
(from fluorescence detector) simultaneously. Samples are measured at normal and 
grazing angles for AEY mode to enhance surface sensitivity of XAS signals. 
 
Figure 2.14. The photograph of the endstation of Surface XAFS beamline at HSRC.  
 
2.4 Sample preparation 
2.4.1 Annealing of 6H-SiC(0001) 
The silicon-face 6H-SiC(0001) wafer is purchased from CREE Research. The 
wafer is n-type (nitrogen doped) with dopant concentration at 1018cm-3. This wafer is 
then cut into 1.6mm × 10mm sizes, compatible with the direct heating sample holder. 
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The sample thickness is 0.25mm. To ensure the uniformity of sample heating, the SiC 
sample is stacked on a silicon sample of the same size. The samples are carefully 
placed to avoid misalignment of the silicon sample. After loading into the UHV 
chamber, the sample is degassed at 600°C overnight and then heated to 850°C in the 
presence of a silicon flux for about 2 minutes. The silicon flux is generated from a 
silicon source heated to 1200°C with a sample-source distance of about 1cm. The 
silicon flux to SiC sample during annealing helps to remove native oxides and 
generates a silicon-rich 3 × 3 surface reconstruction.[20] The sample is subsequently 
annealed to 1050°C, 1150°C and 1250°C, revealing √3 × √3R30°, 6√3 × 6√3R30° 
(SiC nanomesh) and 1 × 1 graphene LEED patterns, respectively (figure 2.15). The 
sample  
 
Figure 2.15. The LEED patterns of SiC with different reconstructions.  a) 1 × 1, b)3 × 3, c)√3 
× √3R30°, d) 6√3 × 6√3R30°, e) 1 × 1 graphene lattice. White arrows in figures indicate the 1 
× 1 SiC lattice. 
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temperature is monitored by a pyrometer. Among these surface reconstructions, the 
SiC nanomesh and 1 × 1 graphene are stable enough to undergo ex-situ transfer. After 
proper annealing in UHV, clean surfaces of the two reconstructions can be re-
obtained as determined by STM. 
 
2.4.2 Deposition of organic molecules 
Three organic molecules, fullerene (C60), pentacene and copper phthalocyanine 
(CuPc) are studied in this work. All molecules are purchased from Sigma Aldrich at 
sublimation grade (>99.9%). The molecules are put into pre-degassed PBN or quartz 
crucibles of Knudsen cells. Before deposition, the molecular sources are thoroughly 
degassed at their evaporation temperatures for several hours. During growth, the 
pressure is always kept better than 2 × 10-9torr. The evaporation temperatures for the 
three molecules are listed in table 2.3. During deposition, the sample is kept at room 
temperature.  
Table 2.3. The sublimation temperatures for organic molecule sources.  
Molecules CuPc C60 pentacene 
Temperature 350°C 250°C 190°C 
 
The nominal thicknesses of deposited organic films on SiC nanomesh are 
estimated from the attenuation of the XPS intensity of SiC Si 2p substrate peak 
assuming a near layer-by-layer (Frank-van der Merwe) growth mode for organic 
layers by the following formula: 
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0( ) exp( )cos
dI d I λ θ= −     (2.9) 
where I0 is the initial Si 2p intensity of pristine SiC nanomesh, I(d) is the intensity 
after deposition, d is the nominal thickness of organic films, and θ is the angle 
between analyzer detecting direction and sample surface normal direction. In most 
cases, θ is kept zero for simplicity. λ (in nanometers) is the IMFP of photoelectrons in 
organic films which depends on the KE of photoelectrons (Ekin in eV) and the density 
of organic films (ρ in g/cm-3) according to the following empirical relation[116]: 
2 1/2(49 0.11 ) /kin kinE Eλ ρ−= +     (2.10) 
If STM measurements are involved in the experiments, the thickness of organic 
molecules at submonolayer region is also calibrated by STM images as an alternative 
method. 
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NANOMESH SURFACE STRUCTURE 
 
3.1 Introduction 
Among all surface reconstructions on 6H-SiC(0001), the SiC nanomesh (6√3 × 
6√3R30° reconstruction) is the most complicated. This surface has been 
experimentally and theoretically studied in the past two decades.[9, 10, 12, 26, 28, 29, 
49, 51, 58, 59, 117] Due to its large unit cell and surface disorder in the STM 
observations, the atomic structure of the SiC nanomesh still remains controversial. 
Nevertheless, it is widely accepted that its carbon richness is due to the desorption of 
silicon at elevated temperature. As the 13 graphene lattice and 6√3 SiC lattice are 
commensurate, most researchers believe that this surface has a close relation to the 
graphene or graphene-like framework. Thus, many structural models are based on the 
graphene framework and try to explain how the graphene framework is bonded to the 
substrate. These models include graphene above 1 × 1 SiC substrate,[49] graphene 
above √3 × √3R30° reconstruction,[118, 119] graphene islands above 1 × 1 SiC 
substrate[28] and graphene covalently bonded to 1 × 1 SiC substrate,[58] but none of 
them can fully explain the topography of this surface in STM. In all these models, the 
graphene network is selectively bonded to the silicon atoms at interface. Therefore, 
the silicon atoms play an important role in the structure of SiC nanomesh and should 
be thoroughly studied.  
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Unlike other reconstructions on 6H-SiC(0001), the SiC nanomesh appears much 
more disordered in STM images and lacks thorough explanations. These disorders 
have been observed by STM but a consistent explanation has yet to be proposed. One 
general speculation suggests that the disorders are attributed to the lattice mismatch 
between the SiC nanomesh and SiC 1 × 1 surface. Some researchers have used the 
disorder to explain the STM-LEED contradiction by assuming that the cells in STM 
observation have two different sizes alternatively packed on the surface.[29, 58] 
However, high resolution STM images reveal the surface is even more disordered 
than what these models suggested.  
In this chapter, the disorder in the SiC nanomesh is carefully studied by XPS, 
STM and XAS measurements. In core level XPS measurements, both C 1s and Si 2p 
spectra show continuous changes under prolonged annealing period. This suggests 
that the SiC nanomesh has dynamic silicon to carbon stoichiometric ratio depending 
on the annealing duration. In STM measurements, the disorder in SiC nanomesh is 
evaluated at different scales. The surface appears less disordered at larger length 
scales. In NEXAFS and EXAFS measurements, the silicon atoms are investigated 
instead of carbon atoms. The results reveal bulk silicon vacancies and surface silicon 
clusters are present in the SiC nanomesh samples. These observations suggest SiC 
nanomesh disorder exists both at the surface and in the bulk.  
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3.2 Results and Discussion 
3.2.1 Photoelectron study of 6H-SiC (0001) nanomesh surface 
 
Figure 3.1. C 1s and Si 2p XPS spectra for SiC nanomesh sample.   
 
As the C 1s and Si 2p XPS spectra have already been investigated by several 
groups,[9, 28, 51, 117, 120] the XPS studies shown here will focus on the changes 
observed during annealing. The C 1s and Si 2p XPS spectra of the SiC nanomesh are 
shown in figure 3.1 for reference. The C 1s spectrum is fitted by three components at 
283.8 ± 0.1eV, 284.8 ± 0.1eV and 285.5 ± 0.1eV corresponding to bulk SiC carbon (B 
peak), graphene-like carbon (G peak) and SiC nanomesh carbon (S peak), 
respectively. This fitting is consistent with previous studies.[9, 51] In Si 2p spectrum, 
one major peak is observed, located at 101.5 ± 0.1eV. This peak is attributed to bulk 
silicon atoms in SiC. A very weak shoulder at about 99.2eV is observed, possibly 
related to surface silicon atoms in silicon-silicon bonding configurations. The 
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existence of silicon-silicon bonding is also supported by the NEXAFS study in section 
3.2.3. 
 
Figure 3.2. C 1s and Si 2p XPS spectra after prolonged annealing at 1100°C.  
 
Prominent changes in the spectra are observed after annealing at 1100°C for 10 
and 30mins (figure 3.2). In C 1s, the G peak gradually increases accompanied by a 
decrease in the S peak. The increase of G peak indicates the graphitization of surface 
carbon atoms which is a characteristic of the nanomesh-graphene transition. In Si 2p, 
the intensity of the main peak exhibits a consistent attenuation, probably due to the 
increasing coverage of graphene overlayer. Thus, instead of the expected nanomesh-
graphene transition at 1200°C or higher, the SiC nanomesh could also undergo this 
transition at temperatures as low as 1100°C by prolonged annealing. These results 
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3.2.2 STM study of the 6H-SiC (0001) nanomesh surface 
 
Figure 3.3. The STM images of two reconstructions on 6H-SiC(0001) surface.  a. nanomesh 
surface, (VT= 2.1 V, IT= 70 pA, 20 × 20nm2); b. 3 × 3 reconstruction, VT= 2.5 V, IT= 0.5 nA, 
30 × 30nm2) . 
 
STM has been proven to be an important technique to probe the local structures 
of a surface. The images obtained helps to reveal the atomic structure of the probed 
surface. As shown in figure 3.3a, the SiC nanomesh surface is imaged by STM at a 
scan size of 20 × 20nm2. The surface shows a honeycomb-like structure with unit cell 
size ranging from 1.8 to 2.0nm, close to 6 times the SiC lattice constant. To highlight 
the honeycomb-like structure, a hexagon is placed on one cell in figure 3.3a. At this 
length scale, trimeric protrusions at the corners of honeycomb cells (triangles), round 
protrusions at the center of cells (solid arrows) and the rims of cells (green arrows) 
can be distinguished. In contrast to the 3 × 3 reconstruction on SiC (figure 3.3b), 
which appears as highly ordered round protrusions hexagonally packed together, the 
SiC nanomesh surface has an much more disordered appearance. In some cells, small 
protrusions can be found at the center, while the center of other cells appears as dark 
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pits (dashed arrows). Furthermore, the distribution of cells with or without protrusions 
is random. As highlighted by triangles, the trimeric protrusions have variable 
orientations. The distance between protrusions is also not constant due to the varying 
size of cells surrounded by these protrusions. The variations of trimeric protrusions 
appear as one major source of surface disorders. Other minor features such as 
protrusions at the rim of the cells (green arrows) also appear randomly and disappear 
on the surface. Thus, the SiC nanomesh should be regarded as a pseudo periodic 
structure instead of an ordered reconstruction from the image at 20nm length scale.  
 
Figure 3.4. Honeycomb cells deviating from translation axes in SiC nanomesh at 
intermediate length scales. a) (VT= 2.1 V, IT= 0.2nA, 49 × 49 nm2); b) (VT= 2.1 V, IT= 0.2nA, 
70 × 70 nm2). Bold black and blue lines indicate the translation axes and the dashed lines 
indicate the actual honeycomb cell positions.  
 
Although the SiC nanomesh appears nearly amorphous in the short length scale, 
it displays periodicity when the scale increases. In figure 3.4, STM images of the 
nanomesh surface at 49 × 49 nm2 and 70 × 70 nm2 scan sizes are shown. At such 
intermediate scales, the disorders appeared in short scale in figure 3.3 become too 
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small to distinguish, but the disorders originating from the positional deviation of the 
honeycomb cells from its translation axes remains apparent. In figure 3.4a, the 
translation axes of surface are highlighted by solid black lines along the triangular 
clusters. The actual positions of triangular clusters along the translational axes are 
shown by the dashed lines. The deviation between them indicates the surface 
translation disorder which could be as large as the scale of cells (about 2nm). This 
translational disorder reduces when the length scale increases. In figure 3.4b with a 
size at 70 × 70 nm2, the deviation from translational axes is less apparent and the 
transitional order is slightly improved. When the scale further enlarges, this 
translational disorder also becomes less apparent. In conclusion, the SiC nanomesh 
surface which is highly defective at the short range can form a highly periodic 
structure at long range. 
The term self-assembly has been widely used in many disciplines, but each of 
them has a different flavor and emphasis. To avoid misunderstanding of this term, a 
clear definition should be given. Herein, the definition suggested by Whitesides and 
Grzybowski is used through the thesis, who defined self-assembling systems at global 
or local equilibrium as static self-assembly.[121] Thus, surface reconstructions, which 
are a consequence of the transition from non-equilibrium to equilibrium by 
rearrangement and relaxation, are typical static self-assemblies. The examples include 
the 3 × 3 and √3 × √3R30° reconstructions on 6H-SiC(0001), which show highly 
periodic atomic structures at their global equilibrium states. However, the SiC 
nanomesh does not behave as a typical static self-assembly. All observations of this 
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surface include plenty of surface disorders, variable surface structure and variable 
surface composition suggesting it exists in a non-equilibrium state. Thus, by 
definition, the SiC nanomesh should not be regarded as a static self-assembly. Instead, 
we describe the SiC nanomesh as self-organization because the formation of this 
surface is driven by continuous silicon desorption.  
 
3.2.3 XAS study of the SiC nanomesh surface 
As mentioned in chapter 1, most of the studies investigating this surface focus on 
carbon, mainly due to its richness. However, in their models, carbon atoms only form 
a graphene network, while the silicon atoms determine how this graphene networks 
are bonded to the substrate. Thus the silicon atoms are as important as the carbon 
atoms in the structure of SiC nanomesh. Few studies have paid attention to the silicon 
atom because surface silicon atoms are few and have similar chemical state to that of 
bulk atoms, making them difficult to distinguish by XPS. 
To study silicon atoms in the SiC nanomesh, special techniques which are able to 
identify silicon atoms both in bulk and at surface should be chosen. Hence, the XAS 
techniques with AEY and FY modes are used to study the silicon atoms at the Si K-
edge of SiC nanomesh sample. Other surface reconstructions including 3 × 3, √3 × 
√3R30°, and 1 × 1 EG are also investigated for comparison. Unlike the XPS 
technique, XAS is sensitive to local structures of the selected element, i.e. silicon in 
SiC nanomesh. The evolution of SiC surface reconstruction studied by XAS at the 
element absorption edge can be divided into near edge x-ray-absorption fine structure 
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(NEXAFS) and extended x-ray absorption fine structure (EXAFS) at the Surface 
XAFS beamline (BL3) at HiSOR. The former technique offers element-specific local 
chemical and structural information and the latter technique reveals element-specific 
quantitative local structural information. By combining both techniques, the chemical 
and structural information of Si atoms in the SiC nanomesh can be obtained. Two 
detection yields (FY and AEY) are employed in x-ray absorption spectra with probe 
depths about several micron meters and several nanometers, respectively. In this  
 
Figure 3.5. Si K-edge NEXAFS spectra for different SiC surfaces measured using Si KVV 
Auger-electron yield at normal emission (solid lines) and a grazing angle of 70° (dashed 
lines).  For comparison, the theoretical calculated Si K-edge spectrum of 6H-SiC is also 
presented. 
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experiment, both yields at normal emission angle (0°) and grazing emission angle 
(70°) are measured to obtain depth-dependent information for silicon atoms. 
Figure 3.5 shows the Si K-edge NEXAFS spectra for all the reconstructions 
measured using Si KVV Auger-electron yield at both normal emission (solid lines) and 
at a grazing angle of 70° (dashed lines). For comparison, the theoretical calculated 
spectrum using the FEFF package (version 8.20, University of Washington)[122] is 
also shown. In the calculated spectrum, there are four clear features notated as A, B, 
C, and D as indicated in figure 3.5. All the measured spectra are similar to the 
calculated one with all the features present, and this is consistent with previous 
spectra reported for SiC in literature.[123-125]  
Unlike the Auger yield, the fluorescence yield spectra in figure 3.6 report clear 
differences for different surface reconstructions, even though all the features observed 
in figure 3.5 can be identified in all the spectra in figure 3.6. For the 1 × 1 surface, it 
is clear that the peaks with high intensity (peaks A and C) in figure 3.5 are broader in 
figure 3.6, especially peak A, and the weaker features (B and D) in figure 3.5 are 
stronger in figure 3.6. These phenomena are attributed to saturation effects in x-ray 
absorption measurements since the escape depth λs of fluorescence yield is 
comparable to the x-ray penetration depth λx, e.g. in the scale of micronmeters.[126] 
These effects are not seen in figure 3.5 due to the much short Auger electrons’ mean-
free path (about 3.7 nm at a kinetic energy of 1850 eV) (Ref. [127]) in comparison 
with λx of over 2 μm.[128] The XAS signal intensity is proportional to the sum of the 
x-ray intensity multiplied by the x-ray absorption cross section μ(E) over the whole  
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Figure 3.6. Si K-edge NEXAFS spectra for different SiC surface structures measured using 
fluorescence yield. The solid lines, open circles, filled circles, and open diamonds represent 
the measurements for 1 × 1, 3 × 3, √3 × √3R30° and 6√3 × 6√3R30°, respectively. 
 
probing depth.[126] To measure the spectrum correctly, λs should be much shorter 
than λx [the inverse of μ(E)]: only under this condition is the attenuation of x-ray 
within λs negligible and the signal intensity change directly reflects the change in the 
x-ray absorption section. When this condition is not satisfied with λs comparable to or 
even longer than λx, the attenuation of the x-ray within λs is no longer negligible, 
hence reducing the detected XAS signal with a so-called saturation effect. The high x-
ray absorption μ(E) peak will become smaller due to the higher x-ray attenuation 
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within λs, whereas smaller μ(E) features will become relatively larger due to less x-ray 
attenuation within λs.[126] In other words, the small absorption features are amplified 
due to the saturation effects.  
Quantitatively, the XAS signal is given by ( ){ } ( )1 1/ 1 2 sC C Eλ μ μ× + × ×⎡ ⎤⎣ ⎦ E , 
with C1 and C2 being two constants, which is simply proportional to μ(E) only for 
very small μ(E).[126] Comparing all the spectra in figure 3.6, it is noticeable that the 
peak at 1851 eV (feature B in figure 3.5) shows substantial variation for different 
surface reconstructions. With increasing annealing temperature, this peak becomes 
smaller. This systematic but small change is not seen in the Auger yield because it 
could be hidden by the experimental uncertainty in AEY measurements. This change 
is distinguishable only in the fluorescence yield mode with much longer probe depth 
which enhances this feature due to saturation effects. The intensity change of feature 
B must therefore be related to the local structural change of Si atoms within the 
probing depth of fluorescence yield and needs to be addressed. 
To understand what causes the intensity drop of peak B, a series of calculated 
NEXAFS spectra is shown in figure 3.7 (left panel) for SiC clusters of several 
different sizes. The SiC clusters were extracted from the structure of bulk 6H-SiC by 
taking Si as adsorber and increasing the cluster size shell by shell. The first cluster 
with notation “Si4C12Si” consists of 1 Si for adsorber, 4 C atoms as the nearest 
neighbors, and 12 Si atoms as next-nearest neighbors. By adding the atoms in the 
outer shell to the first cluster shell by shell, the cluster size is gradually increased. 
Except for the first cluster, the notations in the left panel of figure 3.7 refer to the 
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Figure 3.7. Theoretical calculated Si K-edge NEXAFS spectra for 6H-SiC clusters with 
different sizes. Left panel, from the bottom spectrum, the cluster size increases by adding 
atoms in the outer shell as described in the text. Right panel, 6H-SiC clusters consisting of 87 
atoms, where the yellow, blue, and gray balls represent the center Si atom, other Si atoms, and 
C atoms, respectively. 
 
atoms in the outer shell added to the previous cluster. Therefore, the last cluster has 1 
Si, 4 C, 12 Si, 12 C, 6 Si, 12 C, 24 Si, and 16 C atoms from inner to outer shells (see 
figure 3.7 right panel). The left panel of figure 3.7 clearly shows that the intensity of 
peak B increases with the size of the SiC cluster. In other words, the peak B intensity 
is strongly related to the long-range order of the SiC crystal and decreases with 
increase in crystal disorder. As the probe depth of fluorescence yield is in the order of 
several micrometers, this disorder upon annealing at high temperatures occurs much 
deeper than the first few layers of the SiC sample. Hence we deduce that during 
annealing of the different reconstructions, surface Si atom desorption does not give 
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the complete picture.[60] Si atoms from deeper layers also diffuse to the surface with 
corresponding Si vacancies moving as deep as the fluorescence probing depth (i.e., in 
the order of several micrometers). It is observed that height of peak D in left panel of 
figure 3.7 increases first then decreases with increasing cluster size. Thus, peak D has 
no simple dependence on the disorder. This actually reflects from the data in figure 
3.6, where peak D indeed does not simply decrease with increasing temperature 
(disorder). Therefore, we will follow peak B more closely henceforth. 
 
Figure 3.8. Theoretical calculated Si K-edge NEXAFS spectra for 6H-SiC clusters with 48 
atoms and different numbers of vacancy at the next-nearest neighbor of the center Si atom.  
 
To verify Si vacancies as the origin of the disorder and quantitatively estimate its 
concentration, a series calculated NEXAFS spectra is shown in figure 3.8 for the SiC 
 62
Chapter 3 Investigation of  6H-SiC(0001) nanomesh surface structure 
cluster shown in right panel of figure 3.7 with different numbers of Si vacancies at the 
next-nearest-neighbor site from the center Si atom. There are twelve silicon atoms at 
the second shell of the SiC cluster. Among them, one, two, three and six silicon atoms 
are selectively removed from the cluster to simulate the silicon vacancies in SiC 
nanomesh. The decrease in feature B is reproduced by increasing the number of Si 
vacancies, supporting our hypothesis that Si vacancies are responsible for the 
observed disorder. It is noticed that feature A shows slight shifts to higher photon 
energy with increasing numbers of vacancies in figure 3.8, and this is in excellent 
agreement with what was observed in figure 3.6, where feature A of epitaxial 
graphene is at higher photon energy than that of the unreconstructed SiC. All the 
spectra in both detection modes (figure 3.5 and 3.6) show feature B whereas feature B 
virtually disappears in the calculated spectrum (figure3.8) with three vacancies. Hence 
we deduce that the experimental spectrum for epitaxial graphene corresponds to the 
calculated spectrum with one or two vacancies. Thus we are able to estimate the 
average vacancy concentration for reconstructed SiC to be between one or two 
vacancies over thirteen silicon atoms (one silicon atom measured and its 12 next-
nearest neighbors), i.e. between 8% and 15%, with the highest Si vacancy 
concentrations for epitaxial graphene. It is noted that figure 3.6 shows slightly smaller 
feature B at grazing angle for all the reconstructed surfaces. Considering that AEY at 
grazing angles is more surface sensitive, this indicates that the concentration of the Si 
vacancies decreases from the surface to the bulk, similar to the oxygen profile in 
diffusion limited silicon oxidation.[129, 130] To explore if high-temperature 
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annealing induces such a high concentration of vacancy defects to the whole SiC 
crystal, x-ray diffraction (XRD) measurements on the samples before and after 
annealing at 1300 °C found no noticeable difference. This indicates that the disorder 
is basically limited to a certain depth (smaller than the XRD probing depth of 
hundreds of micrometers) close to the surface and supports the hypothesis that 
disorders originate from desorption of Si atoms from the near-surface region. It is 
shown that the concentration of Si vacancies decreases from the surface to the bulk; 
however, the exact depth profile is difficult to determine using XAS, and future 
experiments may be needed to resolve this depth profile especially at the interface 
region beneath the buffer layer.  
The existence of Si vacancies in bulk could explain the disorders observed on the 
SiC nanomesh surface. These vacancies are randomly distributed in SiC bilayers and 
probably affect the bonding between the top graphene-like layer and the SiC bilayers, 
giving rise to local disorders in the SiC nanomesh. However, the basic periodicity of 
SiC bilayers is not affected by the low concentration of Si vacancies. Thus, the long 
range order of SiC nanomesh is kept. Due to presence of Si vacancies, the crystal 
structure of SiC should undergo local reconstruction and relaxation. These bulk 
structure changes may alter the electronic structure of SiC by the introduction of 
defect states in the band gap. Detailed information about these changes should be 
investigated by future ARPES studies to provide a better understanding of the effect 
of Si vacancies on the electronic structure of SiC nanomesh.  
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Figure 3.9. Si K-edge EXAFS spectra for different SiC surfaces measured using Si KVV 
Auger electron yield at a grazing angle of 70°. 
 
As the fluorescence yield in NEXAFS measurement deviates greatly from the 
real absorption cross section due to strong saturation effects,[126] Auger yield is 
applied to measure EXAFS spectra. Figure 3.9 reports the Si K-edge EXAFS spectra 
for different SiC surface structures measured using Si KVV Auger electron yield at the 
surface sensitive grazing angle of 70°. The near edge spectra of Si K-edges are 
consistent with previous reports.[124, 125] In the extended region, distinct 
oscillations are observed for the different surface reconstructions.[123] 
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Figure 3.10. . Fourier transforms (not corrected for phase-shift) of the Si K-edge EXAFS data 
for different SiC surface structures measured by using Auger yield at both normal emission 
(dashed lines) and an emission angle of 70° (solid lines).  For comparison, theoretical 
calculated curves for 6H-SiC and Si are also present. The curves from the bottom to the top 
are 1 × 1, 3 × 3, √3 × √3R30° and 6√3 × 6√3R30°, calculated 6H-SiC, and Si, respectively. 
The arrow indicates the first coordination of Si atom in Si lattice. 
 
The Fourier transform of the measured EXAFS spectra after k3 weighting using 
WINXAS are presented in figure 3.10. The local structural changes around Si atoms 
upon annealing for different surface reconstructions are clearly resolved. For a clearer 
illustration, theoretical curves using FEFF are also shown for both 6H-SiC and Si in 
figure 3.10.[124] The first peak in the calculated curve of 6H-SiC corresponds to the 
first Si–C coordination at 1.4 Å, and the second peak at 2.4 Å is from the Si–Si 
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coordination. In the case of Si which has a diamond-like structure, the first peak of 
Si–Si coordination is calculated at about 1.9 Å and the second peak for the next 
nearest neighbor at 3.4 Å. The calculated curves are consistent with the experimental 
data in the literature.[123, 125, 131] For the primitive 1 × 1 surface, the first two 
peaks for normal emission and grazing emission are at the same locations with the 
calculated 6H-SiC phase. For the 3 × 3 reconstruction, it is clear that the curve at 
normal emission has its first two peaks located at the same positions as the primitive 
surface in figure 3.10. However, the curve at grazing emission angle looks quite 
different: although the first peak remains at 1.4 Å, the second peak is located at about 
2 Å. Compared to the theoretical calculations, the second peak is attributed to Si-Si 
coordination on the surface due to the high surface sensitivity at grazing emission 
angle. Our EXAFS results thus indicate the existence of Si clusters on this 
reconstructed surface. This is consistent with the Starke model where Si tetramers 
form atop the surface.[18, 19] As the 3 × 3 reconstruction was obtained by Si dosage 
at high temperature, it is reasonable that Si clusters form on the surface.[19, 59]  
For the √3 × √3R30° reconstruction, the normal emission curve is almost 
identical to the calculated one for 6H-SiC due to the deeper probing. For the curve 
measured at grazing angle, the first peak is weak and the second peak become much 
broader and centered at 2.5 Å. This suggests that the coordination of Si atoms on this 
reconstruction is more complicated. There could be Si–Si bonds formed on the 
surface with different bond lengths and different phase shifts, which causes the first 
peak of the Si cluster to almost vanish and merge with the second peak of primitive 
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6H-SiC. This observation is consistent with the adatom model of this reconstruction, 
where silicon adatoms at T4 site bond to silicon atoms in the underlying bilayer. For 
the 6√3 × 6√3R30° reconstruction, the curve for normal emission still resembles the 
SiC phase. However, for the curve measured at grazing angle, the peak corresponding 
to Si–Si coordination at 2 Å from Si clusters is very clearly resolved beside the first 
peak corresponding to the Si–C coordination. As the probing depth of AEY at normal 
emission is 3.7 nm and that at 70° reduced to 1.3 nm, it can be concluded that Si 
clusters remain on this reconstructed surface even though the surface is no longer Si 
rich. This finding is consistent with our XPS data, where a small peak at originated 
from silicon-silicon bonds is observed.  
In conclusion, the investigation of silicon atoms in SiC nanomesh is done by the 
XAS method. Concrete evidence of Si vacancies in the bulk has been found by 
NEXAFS studies in FY mode. These observations suggest that Si atoms from deeper 
layers diffuse to the surface upon annealing leaving vacancy defects as deep as 
several micrometers. For the EG on SiC substrate, the Si vacancy concentration can 
reach as high as about 15%. We also found Si clusters in the surface region of SiC 
nanomesh by EXAFS studies using surface-sensitive AEY mode at grazing angle. The 
outdiffusion of Si atoms from the interior of SiC contributes to these clusters and 
creates both surface and bulk disorders in the SiC nanomesh. 
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3.3 Summary 
In this chapter, the structure of the SiC nanomesh is studied by XPS, XAS and 
STM. In XPS, both Si 2p and C 1s spectra show dependence on the duration of 
annealing, suggesting that the surface should be regarded as the dynamic self-
organization as opposed to a static surface reconstruction. In XAS, the silicon atoms 
in the SiC nanomesh are studied. Bulk silicon vacancies and surface silicon clusters 
are revealed in the SiC nanomesh and EG samples. These silicon-related defects 
indicate that the SiC nanomesh contains both surface and bulk disorders. The surface 
disorders are also studied by STM, where the SiC nanomesh shows apparent 
topographic disorders at short and medium length scales but has a good long range 
order. Based on these studies, the disorders in the structure of SiC nanomesh are 
proposed to be an intrinsic character of its dynamic self-organization rather than due 
to imperfections during surface preparation.  
 CHAPTER 4 OXIDATION OF THE 6H-SiC (0001) 
NANOMESH SURFACE 
4.1 Introduction 
SiC nanomesh is an inert surface which can survive in ambient conditions. Its 
inertness is an important advantage in nanotemplate applications. This surface is also 
the precursor layer and the interfacial layer of EG. It can be converted into EG at 
1200°C in UHV or at 1650°C in argon atmosphere of about 1 bar.[132] These 
processes are attributed to the out-diffusion of silicon atoms accompanying the 
formation of sp2 bonding of excess surface carbon atoms. Although extensive studies 
have been devoted to EG on SiC, only a few papers have reported the transition from 
the SiC nanomesh to EG.[28, 48, 50, 58] Due to uncertainties in the atomic structure 
of the SiC nanomesh, various models of the transition including bottom-up mode,[42] 
finger-like growth mode,[44, 48] step edge growth mode,[133] and island growth 
mode[46] have been proposed based on experimental observations. In all these 
models, the SiC nanomesh is assumed to be a graphene-like layer covalently bonded 
to the SiC substrates, and the transition is explained as a bond-breaking and the top 
layer release process. However, due to the high transition temperature (~1200°C), the 
generation of graphene is always accompanied by the emergence of a new SiC 
nanomesh layer below the graphene layer.[42] Thus, it is difficult to directly observe 
the nanomesh-graphene transition. 
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Due to the underlying nanomesh layer, EG on SiC nanomesh shows two distinct 
difference from exfoliated graphene. First, this EG layer has a “6 × 6” modulation in 
its STM images. Second, this EG layer is also n-doped by the nanomesh layer, 
causing its Fermi level to be 0.3eV higher than its Dirac point.[39, 43] To remove 
these two differences, the EG layer needs to be electronically isolated from the 
nanomesh layer. One proposed method is to transfer the EG layer to another substrate. 
However, this method is time-consuming and may reduce the quality of the EG layer 
during transfer.[134] Recently, a quasi-free standing graphene layer is generated by 
the atomic hydrogen intercalation to the SiC nanomesh.[52] However, the 
intercalation of hydrogen atoms is not stable, as it can be removed by annealing at 
about 900°C. Herein, we proposed to use oxygen instead of hydrogen to transform the 
SiC nanomesh into graphene at a temperature lower than the nanomesh formation 
temperature. This graphene is isolated from the SiC substrate by silicon oxides 
clusters formed by oxidation of silicon atoms in the SiC nanomesh. The oxidation 
process is temperature sensitive and occurs at temperatures as low as 600°C, 
suggesting a viable route to directly study the nanomesh-graphene transition and the 
formation of a silicon oxide buffer layer. 
In this chapter, the SiC nanomesh on SiC(0001) is oxidized at oxygen partial 
pressures of around 5 × 10-4 torr from 600°C to 1050°C. The oxygen gas is introduced 
into the UHV chamber via a leak valve. The total dosage of oxygen is measured in 
Langmuirs (L), where1 Langmuir corresponds to an exposure of oxygen partial 
pressure at 1×10-6 torr for 1 second. XPS and STM measurements were performed to 
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monitor changes incurred by oxidation. The oxidation transforms the SiC nanomesh 
into graphene with the formation of silicon oxides at the interface. This oxidation 
shows a similar intercalation effect to that by hydrogen. However, the silicon oxides 
can endure higher temperature than hydrogen silicon bonds and decompose at 
1050°C.  
 
4.2 Results and Discussion 
4.2.1 Photoemission study of SiC nanomesh oxidation 
 
Figure 4.1. XPS spectra of nanomesh sample at successive oxidation steps.  Left, C 1s; 
Middle, Si 2p; and Right, O 1s. 
 
The core level XPS spectra of oxidized SiC nanomesh sample at different 
temperatures and dosages are shown in figure 4.1. The spectra for pristine sample are 
in good agreement with figure 3.1 except that the central C 1s G peak slightly is 
stronger than its high-binding-energy shoulder. This difference indicates that this 
sample is slightly over annealed. This over-annealing is desired, because it eliminates 
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the √3 × √3R30° reconstructions which can react with oxygen at room 
temperature.[135] The over-annealing of this sample generates small regions of 
graphene on its surface which is observed in STM images (figure 4.3). However, the 
EG layer appears inert and does not participate in the oxidation reaction. The pristine 
sample is exposed to an oxygen dosage of about 3 × 105 L at room temperature. No 
change in the C 1s or Si 2p spectra is observed. The inertness of the sample at room 
temperature is not surprising as the SiC nanomesh is stable in ambient conditions. The 
sample is then heated to 600°C with another 4 × 105 L dosage. At this temperature, 
the central G peak in C 1s spectrum (blue line) increases with the decrease of high 
binding energy shoulder (S peak). The emergence of O 1s peak confirms that the 
oxidation reaction has occurred. Interestingly, the successive oxygen doses at the 
same temperature cause no distinct changes in XPS spectra (green line), suggesting 
that the oxidation is probably saturated at this temperature. When the temperature 
increases to 900°C, further changes in the C 1s and O 1s spectra are observed. In the 
C 1s spectrum, the S peak is heavily suppressed and the G peak becomes the 
dominant peak. The lineshape of C 1s is now similar to EG on SiC. In the O 1s 
spectrum, the intensity increases again, suggesting that the further oxidation occurs at 
higher sample temperatures. In addition, a small shoulder located at the higher 
binding energy side of bulk silicon peak becomes prominent. This shoulder indicates 
that some silicon atoms are oxidized and have higher binding energies.  
To further investigate the oxidation reaction, peak-fitted core level spectra of 
pristine sample and oxidized sample (after oxidation at 900°C) are shown in figure 
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4.2. After the oxidation, the peak fitting of C 1s spectrum shows the increase of G 
peak (284.8eV) and the decrease of S peak (285.4eV). These changes accord with the 
transition from nanomesh to graphene at 1200°C in the absence of oxygen. The 
 
Figure 4.2. Core level photoemission spectra of pristine and oxidized SiC nanomesh sample. 
Left, the C 1s spectrum, three components are resolved in this figure. SiC refers to the bulk 
SiC component, G to the graphene related component, and S to the nanomesh related surface 
component. Right, the Si 2p spectrum, shows two additional oxide-related components after 
oxidation. The inset shows the intensity of O 1s peak at different oxidation stages. 
 
oxidized sample also shows a similar C 1s spectrum lineshape as graphene. Thus, the 
nanomesh oxidation induces the nanomesh-graphene transition. In the Si 2p spectrum, 
peak fitting shows two new components at 102.4eV and 103.5eV in addition to the 
bulk related SiC component at 101.4eV. These two components shifted by 1.0eV and 
2.1eV relative to the SiC bulk component are assigned to Si2+ and Si4+ oxidation 
states.[21] In the investigation of Virojanadara et al.,[136] oxidation of the Si-
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terminated SiC surface created Si+ and Si4+ oxidation states while the C-terminated 
surface created Si2+ and Si4+ oxidation states. Their results suggest the surface 
termination could affect the formation of oxidation states. They concluded that the 
silicon-rich SiC surface prefers to form Si+ and Si4+ oxidation states whereas the 
carbon-rich SiC surface prefers to form Si2+ and Si4+ states. This conclusion is in good 
agreement with formation of Si2+ and Si4+ oxidation states in nanomesh oxidation, as 
the nanomesh surface is carbon-rich. The thickness of silicon oxides can be roughly 
estimated by the attenuation of bulk Si 2p intensity before and after oxidation. From 
the Si 2p spectra in figure 4.2, the thickness of the oxide layer is calculated to be 
about 3.7Å, larger than the size of silicon dioxide tetrahedron (2.2 Å). However, this 
thickness is overestimated as the decrease of Si 2p intensity comes partially from the 
oxidation of silicon atoms in the SiC nanomesh. Thus, XPS attenuation data only 
provides the upper limit of the silicon oxide thickness. 
 
4.2.2 STM study of nanomesh surface oxidation 
To understand how the nanomesh is oxidized, the SiC nanomesh surface is 
progressively oxidized at 650°C, 750°C, 900°C to 1050°C. The same oxygen partial 
pressure as in XPS study is used during each oxidation step. The morphology of the 
oxidized sample at each step is then imaged by STM.  
According to the XPS measurements, oxidation of nanomesh at elevated 
temperature generates silicon oxides on the surface, and the SiC nanomesh surface 
gradually changes into the graphene surface. The corresponding STM images of the 
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oxidized nanomesh surface are shown in figure 4.3. After oxidation at 650°C, 
irregular shaped corrugations (indicated by green arrows) appear on the surface. 
These corrugations cover about 22% area of nanomesh terraces. The XPS data 
 
Figure 4.3. The SiC nanomesh surface at different oxidation temperatures. a. pristine SiC 
nanomesh sample (VT =2.2V, IT =0.2nA); b. 650°C (VT =-2.1V, IT =70pA); c. 750°C (VT 
=2.0V, IT =70pA); d. 900°C (VT =1.0V, IT =70pA); e. 1050°C (VT =1.9V, IT =70pA). The 
size of a-e is 100 × 100nm2.  f. a representative graphene terrace on SiC nanomesh from d (10 
× 10nm2, VT =0.5V, IT =70pA). 
 
suggest that these corrugations are the oxidation induced silicon oxide clusters. These 
clusters grow in size at 750°C, covering 64% of the total nanomesh area. At 900°C, 
nearly all the nanomesh terraces are covered with the clusters (86% in area). The 
thickness of these clusters is about several angstroms, consistent with the XPS 
measurement. However, most clusters disappear when the temperature reaches 
1050°C; small flakes and pits appear on the surface. The 6 × 6 lattice is also restored 
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on most terraces. As Si atoms in the clusters are in the 2+ and 4+ oxidation states, 
these clusters are metastable SiOx rather than thermally stable SiO2. At 1050°C, these 
clusters are probably dissociated and accompanied by the restoration of SiC 
nanomesh. 
It is worth noting that oxidation only occurs at the SiC nanomesh terrace and not 
in regions where EG has already formed. The EG surface can be clearly identified in 
figure 4.3 (terraces marked by blue “G”), as graphene network is observed in STM 
scan (figure 4.3f). About 5% to 10% of total surface area is covered with EG on the 
pristine SiC nanomesh surface. Interestingly, no silicon oxide cluster is generated on 
EG surface at all temperatures. Obviously, the graphene layer is inert to oxidation at 
the temperature up to 1050°C. Moreover, the “6 × 6” corrugation in EG is also 
unchanged during oxidation, indicating that the interfacial SiC nanomesh layer is 
prevented from oxidation due to the protection of the EG top layer. The observed EG 
on SiC nanomesh sample (figure 4.3a-e) is attributed to the slight over annealing 
during the preparation of SiC nanomesh, as confirmed by the C 1s XPS spectrum. 
To investigate the oxidation induced clusters, filled state and empty state higher 
resolution STM images of oxidized nanomesh sample at 900°C are shown in figure 
4.4. It is obvious that these clusters are covered with a continuous graphene layer. The 
continuity of graphene layer can be observed from figure 4.4, where the graphene 
network is continuous from one bump to another. Despite the graphene layer is 
slightly distorted by the corrugations beneath it, the graphene in the form of the 1 × 1 
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graphene lattice area (blue vectors) and √3 × √3R30° superstructures is shown in 
figure 4.4. Two types of √3 superstructures with complementary shapes  
 
Figure 4.4. Graphene networks on oxidized nanomesh surface.  a). filled state image 
(10 × 10nm2, VT = 0.5V IT = 70pA); b). empty state image (10 × 10nm2, VT = -0.5V 
IT = 70pA). The blue vectors represent the 1 × 1 graphene lattice and the black vectors 
represent the √3 × √3R30° reconstructed graphene lattice. Panel a and panel b are not 
the same locations. 
 
(bright rings and dark rings) are highlighted by the black vectors in Figure 4.4a. Both 
superstructures have previously been observed close to the defects and boundaries of 
graphene [137-139] and their origins are attributed to the perturbation of graphene 
charge density. The √3 superstructure induced by this perturbation has the same 
physics origin as the Friedel oscillation.[140] Specifically, it can be understood by a 
phase shift induced by defects to one of the atoms in the graphene basis. This shift 
causes half the carbon atoms in the graphene sheet to become invisible and the 
remaining carbon atoms in the graphene to give rise to the √3 superstructure in 
graphene.[140, 141] Using a conductive AFM tip to simultaneously obtain current 
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image and topography image of a defective HOPG surface, Ruffieux et al. 
successfully proved that √3 superstructure has a LDOS origin and possesses an 
identical structure to the undisturbed graphene networks.[139] Thus, the observation 
of the graphene network confirms the nanomesh-graphene transition by oxidation. On 
this surface, defects with anomalous electronic structures are observed close to the √3 
superstructures (dashed circles in panel a and b of figure 4.4). These defects probably 
serve as perturbation centers to the graphene superstructures. They also resemble the 
electronic structure of the SiC nanomesh [29, 42] and can be regarded as residual SiC 
nanomesh structures due to incomplete nanomesh-graphene transition at low 
temperature (900°C).  
 
Figure 4.5. Graphene networks on the nanomesh sample oxidized at 1050°C. a. 20 × 
20nm2 image of the SiC nanomesh sample after oxidation (VT = 1V IT = 70pA). The 
surface is covered by monolayer graphene (marked by “M”) or bilayer graphene 
(marked by “B”). One monolayer graphene region is marked by dash line; b. a 
representative “M” region (5 × 5nm2, VT = 0.5V IT = 70pA); c. a representative “B” 
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region (5 × 5nm2, VT = 0.5V IT = 70pA). A hexagon is shown in panel b and c to 
highlight graphene lattice. AB stacking can be clearly resolved in panel c. 
 
Unlike hydrogen intercalation,[52] where SiC nanomesh can be restored at 
900°C, the partially formed graphene network by oxidation cannot be restored to the 
SiC nanomesh. This partially formed graphene is transferred into complete single 
layer or bilayer graphene terraces when the temperature reaches 1050°C. In figure 4.5, 
the SiC nanomesh related structures are eliminated and the surface is covered by 
graphene only. Two regions with different surface morphology can be distinguished. 
The region marked by “M” is covered by monolayer graphene. Due to the high bias 
(1V), graphene layer appears transparent and electronic structure of SiC nanomesh 
interlayer is shown. The other region marked by “B” is covered by the graphene 
network, indicating that this region is covered by bilayer graphene.[42] The 
transparency of single layer graphene under high bias on SiC(0001) surface has 
already observed in a previous report.[42]  
When bias is reduced to 0.5V, monolayer and bilayer regions can be clearly 
resolved in figure 4.5b and figure 4.5c, respectively. A hexagon is shown in two 
panels to highlight the hexagonal graphene lattice. In panel b, all six corners of 
hexagon are shown in same height (6-fold symmetry). In panel c, these corners are 
alternatively in high and lower height (3-fold symmetry), confirming the AB stacking 
of bilayer graphene.[142] The formation of bilayer graphene is probably due to the 
further transition from SiC nanomesh to graphene, as suggested in chapter 3, while 
the annealing temperature of 1050°C is high enough for the nanomesh-graphene 
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transition. The “6 × 6” corrugations reappear below the graphene layer indicating 
regeneration of the SiC nanomesh. Hence, it can be concluded that oxidation of the 
SiC nanomesh at 600°C to 900°C induces the nanomesh-graphene transition. When 
the temperature reaches 1050°C, the SiC nanomesh regenerates below the graphene 
top layer even with the presence of oxygen. The silicon oxide clusters generated 
previously are unstable at this temperature and dissociate. The partial graphene layer 
is converted into a complete graphene layer at this temperature. Thus, oxidizing the 
SiC nanomesh at temperatures lower than 900°C provides a possible route to study 
the nanomesh-graphene transition.[44] Due to the continuity of top graphene layer, 
the detailed information about underlying oxides clusters could not be obtained. 
Future studies are needed, for example using surface diffraction methods, to elucidate 
details of this oxidation model. 
 
Figure 4.6. Schematic model of SiC nanomesh during oxidation at 900°C. Left, pristine SiC 
nanomesh surface; right, graphene layer and silicon oxide clusters on SiC substrate. The 
cluster nature of silicon oxide causes the corrugation amplitude of the graphene layer. 
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The observation of silicon oxide underneath graphene also provides clues to the 
atomic structure of the SiC nanomesh. Since the generated graphene is always on top, 
it can be deduced that the SiC nanomesh is composed by two sub-layers: the upper 
sub-layer is carbon-rich [28, 58] and is able to transform into single layer graphene 
during oxidation whereas the lower sub-layer is silicon rich and can react with O2 to 
form the silicon oxide clusters (Figure 4.6). The oxidation of the lower sub-layer 
causes the breaking of the bonds between two sub-layers and leads to the oxidation of 
silicon atoms. This result could provide an additional clue to the structure models of 
SiC nanomesh proposed by Hass et al.[56] The conclusion that silicon atoms are 
below the carbon atoms favors their Si-down adatom model or C adatom model, but is 
not consistent with the Si-up adatom model for the SiC nanomesh.  
 
4.3 Summary 
In summary, oxidation of SiC nanomesh at elevated temperature is studied by 
XPS and STM. Oxidation of the SiC nanomesh converts this layer into graphene 
networks with silicon oxide clusters formed at the interface beneath at 600°C to 
900°C. These silicon oxide clusters probably decompose at 1050°C and disappear 
from the interface. The graphene network formed between 600°C and 900°C appears 
as √3 superstructures due to the perturbation of residual nanomesh structures. At 
1050°C, the partially formed graphene networks convert into a complete sheet 
consisting of both single layer and bilayer graphene terraces. On the other hand, no 
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change is observed on pre-existing graphene terraces, suggesting the graphene layer is 
not only inert to oxidation but also prevents the underlying nanomesh layer from 
oxidation. The conversion of nanomesh to graphene by oxidation is slow and 
temperature-sensitive, providing a route to probe the transition from SiC nanomesh to 
graphene. The formation of a silicon oxide interlayer between graphene and SiC may 
hold promise for the fabrication of graphene devices electrically insulated from the 
substrate. 
 CHAPTER 5 TEMPLATE EFFECT OF 6H-SiC (0001) 
NANOMESH SURFACE ON ORGANIC MOLECULES 
 
5.1 Introduction 
As mentioned in section 1.2, natural and artificial nanotemplates are widely used 
in the formation of nanostructures. The application of these nanostructures includes 
tailoring surface properties and surface nano-engineering.[40, 143-145] Before 
creating a nanotemplate, the molecule-substrate interaction needs to be understood. If 
the molecule-substrate interaction is too weak, absorbed molecules can easily 
overcome it and form crystalline or other periodic structures driven by the 
intermolecular interactions. Examples include atomically flat inert surfaces, such as 
highly ordered pyrolytic graphite (HOPG)[146-148] and MoS2[149, 150], or atomic 
flat metallic surfaces, such as Ag(111)[103, 151, 152] and Au(111)[153-156], have 
been used as substrates to form molecular thin films or networks by directional (such 
as hydrogen bonding[70] or metal-organic coordination[73]) or non-directional (such 
as π-π interaction[146]) intermolecular interactions. On the other hand, if the 
interaction is too strong, absorbed molecules have very short diffusion length, and are 
basically trapped at the place where they land. Thus, no long-range order can be 
generated. Examples can be found on active surfaces such as Si(111)[157-159] or 
Si(100)[160, 161] where adsorbates are anchored into substrate-induced 
configurations by covalent bonding. As expected, no lateral long range order can be 
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found on these surfaces. Thus, the strength of the molecule-substrate interaction 
should be carefully selected in a useful molecule-nanotemplate system.  
Many artificial nanotemplates, such as supramolecular porous networks,[70, 73, 
76] are suitable nanotemplates to trap one or more target molecules into the pores to 
form molecular arrays. However, due to the diffusion barrier caused by the networks, 
most studies only managed to fill part of surface pores by the target molecules before 
the condensed phase forms.[70, 73, 76] Only a few papers have successfully reported 
co-adsorbed planar target molecules including copper phthalocyanine (CuPc), 
coronene or hexabenzocoronene (HBC) into the host networks built by the star-
shaped stilbenoid compound such as 1,3,5-tris[(E)-2-(3,5-didecyloxyphenyl)-ethenyl]-
benzene (TSB35) or 1,3,5-tris(10-carboxydecyloxy) benzene (TCDB) to form ordered 
molecular arrays.[75, 162] However, such arrays could be regarded as 2D binary 
crystals instead of isolated arrays because the intermolecular interaction plays an 
important role in the confinement of the guest molecules.  
In natural nanotemplates, molecular arrays can be formed by site-selective 
adsorption due to surface corrugation, such as 2D C60 clusters on vicinal gold 
surface,[77] 1-nitronaphthalene supramolecular clusters and chains on Au(111) 
reconstructed surface,[79] and C60 decoration on BN nanomesh surface.[82] In 
particular, the nanomesh surfaces with a periodicity of about several nanometers are 
the most promising template to form single molecular arrays. In this chapter, the 
template effect of SiC nanomesh surface for three types of organic molecules (C60, 
CuPc and pentacene) is studied by combining STM and XPS. Lacking strong 
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molecule-substrate and intermolecular interactions, the geometric differences of the 
three molecules play important roles in the formation of the different supramolecular 
structures on this nanomesh surface. C60 with a spherical shape and smallest lateral 
size forms a close packed thin film. CuPc with a planar shape and four-fold symmetry 
has a compatible lateral size with the SiC nanomesh and forms a highly periodic 
molecular array. Pentacene, with a two-fold rectangular shape has a smaller lateral 
size than CuPc, facilitates several adsorption configurations forming a quasi-
amorphous array with a mixture of different configurations.  
5.2 C60 on the SiC nanomesh 
5.2.1 STM study of C60 on the SiC nanomesh 
As reported in the previous work in our group, C60 forms close packed islands on 
the SiC nanomesh at submonolayer coverage (figure 5.1).[163] This observation 
suggests that the substrate has little effect in constraining the morphology of C60 
adsorbates. To probe the interaction between C60 and the SiC nanomesh, the growth 
of C60 from submonolayer to multilayer region is studied by in-situ STM and shown 
in Figure 5.2. At C60 coverages far below 1 ML, C60 molecules form irregularly 
shaped single-layer islands mainly decorating the terrace edges, as shown in figure 
5.2(a) for 0.2 ML coverage. Upon increasing the coverage to 0.5 ML, 0.7 ML and 0.9 
ML (figure 5.2b, 5.2c and 5.2d respectively), these small islands coalesce to form 
continuous irregularly shaped single layer islands. At about 1 ML coverage, a 
complete wetting layer of C60 grows epitaxially on the SiC nanomesh, as shown in 
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Figure 5.1. C60 on SiC nanomesh surface.  (a) 500 × 500 nm2, (b) 100 × 100 nm2, (c) 
corresponding detailed 40 × 40 nm2 image of C60 single-layer island as highlighted by dashed 
squares in panel b, and (d) the line profile as marked by the dashed line in panel b. IT = 30 pA 
and VT = +1.4 V. (Reproduced with permission from [163]) 
 
figure 5.2(e). On top of these C60 single-layer islands, no second layer C60 islands 
were found in all areas imaged, suggesting a good wetting property of C60 molecules 
on SiC nanomesh. Increasing the coverage to 1.4 ML (figure 5.2f), compact 
irregularly shaped C60 single islands nucleate on top of the wetting monolayer. These 
islands exhibit some degree of fractal shape instability with a fairly isotropic  
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Figure 5.2. 500 × 500 nm2 STM empty state images of SiC nanomesh with C60 coverage of 
(a) 0.2 ML, (b) 0.5 ML, (c) 0.7 ML, (d) 0.9 ML, (e) 1.0 ML, (f) 1.4 ML, (g) 3.0 ML, (h) 4.5 
ML and (i) 7.5 ML.  
 
structure. On top of these C60 second-layer islands, no third-layer islands were found 
in all areas imaged which indicates a layer-by-layer growth. At 3.0 ML, more 
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compact irregularly shaped islands form (figure 5.2g). Upon further increasing the 
coverage to 4.5 ML (figure 5.2h) and 7.5 ML (figure 5.2i), the growth of C60 on SiC 
nanomesh was found to transit to island mode, revealing a typical Stranski-Krastanov 
growth mode (layer plus island).[163]  
 
Figure 5.3. STM images of C60 on Ag(111): (a) 0.25 ML, (b) 0.5 ML, (c) 1.0 ML, (d) 2.0 
ML; and C60 on HOPG: (e) 0.5 ML, (f) 1.0 ML, and (g) 2.0 ML. The scale bar is 200 nm in 
all images.  
 
Although the structure of the nanomesh surface is not fully elucidated, neither 
proposed models nor experimental results suggest dangling bonds on this surface.[28] 
As such, a chemical reaction is unlikely to occur at the C60-nanomesh interface (cf. 
Section 5.2.2). In contrast, the Si dangling bonds on clean Si(111) or Si(100) usually 
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induce the formation of covalent bonds between C60 and Si substrates.[164] Thus the 
growth morphology is determined by non-covalent interactions. For comparison, the 
growth of C60 on Ag(111) and HOPG were also studied. At the interfaces of C60 on 
HOPG and C60 on Ag(111), there are no interfacial chemical reactions,[165, 166] 
similar to the C60-nanomesh interface, but the strength of interaction between 
substrates and C60 varies. At submonolayer coverages, instead of irregularly shaped 
islands as observed on SiC nanomesh, hexagonally shaped C60 single-layer islands 
with smooth boundaries nucleate on Ag(111) (figure 5.3a for 0.25 ML coverage and 
figure 5.3b for 0.5 ML coverage) and HOPG (figure 5.3e for 0.5 ML coverage) 
surfaces. In contrast to a complete wetting layer of C60 on SiC nanomesh, the second-
layer of C60 starts to nucleate on top of those incomplete C60 single-layer islands on 
Ag(111) and HOPG from 0.5 ML. Therefore, the growth of C60 on Ag(111) and 
HOPG at room temperature adopts a 3-D island growth mode (Volmer-Weber growth 
mode). This indicates the interactions with both substrates are weaker than on the SiC 
nanomesh. The difference in interaction strengths with the SiC nanomesh and 
graphene is discussed in section 5.3 and 5.4. From figure 5.3(c) and 5.3(d), the 
second- or third-layer of C60 on Ag(111) shows a rather different morphology that can 
be described as fractal shape with thick arms. The fractal shape is more pronounced 
for the second or thick layers of C60 on HOPG (figure 5.3f and 5.3g). As previously 
reported,[165] the observed distinct morphology difference between C60 monolayer 
and thick layers on HOPG is proposed to originate from the significantly different 
diffusion behaviors of C60 on the flat HOPG surface and on the surface of C60 islands. 
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C60 displays isotropic diffusion behavior on the flat HOPG and Ag(111) surfaces, but 
anisotropic diffusion behavior on the highly corrugated C60 surface with higher 
diffusion barrier, leading to the formation fractal-shaped C60 islands on top of C60 
surface. Similarly, the irregularly shaped first C60 layer observed on SiC nanomesh 
can be attributed to the anisotropic diffusion of C60 on the highly corrugated 
nanomesh surface. 
As shown in figure 5.2, it is clear that the transition from layer-by-layer to island 
growth mode of C60 on SiC nanomesh occurs at between 2-3 ML coverage. A similar 
transition has been observed for 3,4,9,10-perylene-tetracarboxylic dianhydride 
(PTCDA) on Ag(111),[167] which is attributed to the thickness dependent PTCDA 
interlayer transport barrier (Einter), i.e., for the first two layers, the interaction of 
PTCDA on Ag(111) lowers the Einter, favoring the transport of PTCDA molecules 
from top layers to the lower layers closer to Ag(111), leading to layer-by-layer 
growth. At higher coverage, the influence of this binding is insignificant and Einter is 
mainly governed by the Ehrlich-Schwoebel barrier (step-edge barrier),[168, 169] 
leading to 3-D island growth. The very similar growth mode transition of C60 on SiC 
nanomesh could, therefore, be attributed to the different binding strength of C60 
molecules to the substrate and to neighboring C60 molecules, i.e., the binding of C60 
molecules to the substrate is stronger than to C60 molecules. As such, the absorbed C60 
molecules in first two layers tend to wet the substrate, leading to a layer-by-layer 
growth. At higher coverage, the intermolecular interactions of the absorbed C60 
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molecules begin to dominate, giving rise to a transition from layer-by-layer to 3-D 
island growth mode.  
 
5.2.2 PES study of C60 on the SiC nanomesh 
 
Figure 5.4. Synchrotron UPS spectra for C60 on SiC nanomesh with different coverage at (a) 
the low-kinetic energy part and (b) at the low-binding energy part.  All spectra are measured 
with photon energy of 60 eV.  
 
To identify the nature of the interfacial interaction for the wetting of C60 on SiC 
nanomesh, synchrotron-based photoemission spectroscopy is used. In figure 5.4a and 
5.4b, representative PES spectra at the low kinetic energy region and the low binding 
energy region are shown as a function of C60 thickness, respectively. To determine the 
low kinetic energy onset, a negative 5 V sample bias is applied. The vacuum level 
(Evac) of SiC nanomesh upon deposition of C60 is measured by linear extrapolation of 
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the low-kinetic energy onset (secondary electron cut-off) of PES spectra.[170] It is 
well known that the vacuum level of the substrate is extremely sensitive to the 
interface charge transfer after deposition, i.e., an upward shift of the vacuum level 
occurs if electrons transfer from the substrate surface to the adsorbate overlayers, a 
downward shift occurs if electrons transfer from the adsorbate overlayers to the 
underlying substrate surface, or the vacuum level remains unchanged if no interface 
charge transfer takes place.[163, 170, 171] As shown in figure 5.4a, an upward shift 
of the vacuum level by 0.15 ± 0.05 eV is clearly observed after deposition of 0.7 ML 
C60, revealing that a weak charge transfer occurs at the C60-nanomesh interface 
involving electrons transferring from nanomesh to the C60 overlayer. The C60 HOMO 
(highest-occupied-molecular-orbital) is observed at 2.50 ± 0.05 eV (figure 5.4b). At 4 
ML C60 coverage, the typical valence band spectrum of fullerene is observed without 
any apparent contribution from the SiC nanomesh substrate.[172, 173] It is found that 
the C60 HOMO peak position at 2.50 ± 0.05 eV, as well as the peak shape, remains 
unchanged with increasing thickness, suggesting that no chemical interactions occur 
at the C60-nanomesh interface. In contrast to the van-der-Waals type interactions 
dominant at the C60-HOPG interface,[174, 175] the interface interaction due to weak 
charge transfer at the C60-nanomesh interface is stronger than the C60 intermolecular 
interaction[176] (e.g. van-der-Waals). Such relatively strong binding of C60 to SiC 
nanomesh lowers the Einter, favoring the transport of C60 molecules from top layers to 
the lower layers closer to SiC nanomesh, facilitating the wetting of C60 on SiC 
nanomesh and leading to a layer-by-layer growth for the first two layers. 
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Figure 5.5. Synchrotron based core level PES spectra for (a) C 1s and (b) Si 2p of C60 on SiC 
nanomesh at different coverages (binding energy is relative to EF of the electron energy 
analyzer). All spectra are measured with photon energy of 350 eV.  
 
Figure 5.5 shows the evolution of C 1s and Si 2p peaks during the deposition of 
C60 on SiC nanomesh. The photon energy of 350 eV is chosen to enhance the surface 
sensitivity. Prior to deposition, the C 1s spectrum of the clean SiC nanomesh can be 
found at the bottom of figure 5.5a. Two SiC nanomesh related peaks, with the 
stronger one located at 285.1 ± 0.05 eV, the weaker one at 284.0 ± 0.1 eV, and one 
bulk related weak peak at 283.0 ± 0.1 eV are shown in this spectrum. The lineshape of 
these three components is identical to our observations in chapter 3 (c.f. figure 3.1) 
and previous reports.[28, 51] Upon deposition of 0.2 ML C60, the C 1s main peak is 
shifted to lower binding energy at 284.9 ± 0.05 eV, which is attributed to the photo-
excitation of C60.[174, 177] This C60-related component becomes dominant after 
increasing the coverage to 1.2 ML, indicating the surface was fully covered by C60. 
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Upon increasing the coverage to 4 ML, the binding energy of C 1s remained constant 
at 284.9 ± 0.05 eV. At the same time, neither a binding energy shift of Si 2p nor a 
new Si 2p component at all C60 coverages was observed (figure 5.5b). This suggests 
that no covalent or ionic bonding occurs at the C60-nanomesh interface, which 
confirms that nanomesh can serve as a barrier layer to prevent the interaction between 
C60 and the underlying bulk SiC.  
In summary, C60-SiC nanomesh interface is studied using synchrotron-based PES 
and STM. A layer-by-layer followed by island growth mode (S-K mode) is identified 
for C60 deposition, suggesting that the adsorbate-substrate interaction is stronger than 
the adsorbate-adsorbate interaction. As no covalent bonding is observed in PES 
measurement, the weak charge transfer indicated by the work function changes of 
about 0.15 ± 0.05 eV is probably the origin of adsorbate-substrate interaction. Such 
binding of C60 to SiC nanomesh lowers the C60 interlayer transport barrier (Einter), 
favoring the transport of C60 molecules from top layers to the lower layers closer to 
SiC nanomesh, facilitating the epitaxial growth of a complete wetting layer C60 on the 
SiC nanomesh and leading to a layer-by-layer growth for the first two layers, as 
observed by in-situ STM investigations.  
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5.3 CuPc on the SiC nanomesh 
5.3.1 STM study of CuPc on the SiC nanomesh 
 
Figure 5.6. STM images of SiC nanomesh/graphene mixed phase surface.  (a) Large area 
scan (30 × 30 nm2, VT = 2.1 V, IT = 70 pA) (b) Enlarged image of terrace A (10 × 10 nm2, VT 
= 0.5 V, IT = 70 pA), (c) Enlarged image of terrace B (10 × 10 nm2, VT = 2.1 V, IT = 70 pA) 
 
The SiC nanomesh surface prepared for CuPc deposition is slightly over annealed 
to transform a small portion of SiC nanomesh terrace into EG terrace. The existence 
of the EG terrace allows a direct comparison of the morphology differences for the 
same molecule deposited on the two different surfaces. The clean nanomesh surface is 
shown in figure 5.6. Terrace A is a typical EG terrace, as shown in the corresponding 
zoom-in figure 5.6b. Terrace B, which comprises 1.95nm honeycomb-like cells, is a 
SiC nanomesh terrace as shown in figure 5.6c. In this image, the cells of this 
honeycomb-like structure can be distinguished. These hexagonal cells are 
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alternatively surrounded by large vertices (trimeric protrusions) and small vertices 
(rims) shown in figure 5.6c. Herein, we denote the two structures as ‘L’ and ‘S’ 
respectively. Both features are used as references to identify the adsorption geometry 
of molecules. 
 
Figure 5.7. CuPc molecules on SiC nanomesh.  (a) Adsorbed CuPc molecules. (b) hopping of 
single molecules under tip perturbation. (parameters for (a) and (b) 20 × 20 nm2, VT = 3.4 V, 
IT = 40 pA) (c) to (e) schematic models of the three CuPc orientations on SiC nanomesh cells. 
Black arrows indicate the orientations of CuPc; green arrows indicate the a axis of SiC 
nanomesh. 
After a nominal dosage about 0.1 monolayer (ML), single CuPc molecules which 
appear as four-leaved clovers as shown in figure 5.7. This dosage is estimated by the 
size of the CuPc molecules in its closed packed form on highly oriented pyrolytic 
graphite (HOPG).[146] The simultaneously resolved L vertices are used to as a 
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reference grid to determine the adsorption configurations of CuPc. In figure 5.7a, 
CuPc molecules lie directly above the nanomesh pores with their four lobes extended 
to the rims of the nanomesh cells. This is a clear indication that the growth of CuPc is 
directed by the SiC nanomesh. Furthermore, adsorbed CuPc molecules follow the 
orientation of the substrate. To clarify the orientations of CuPc, a vector pointing from 
the center copper atom outwards in-between of two lobes is used to indicate the in-
plane orientation of CuPc (Black arrows in figure 5.7a). The reason for defining the 
vector as such is because the dark valley in-between two lobes can be clearly and 
accurately determined. Three orientations (25 ± 3º, 55 ± 3º and 85 ± 3º) relative to the 
substrate a axis are shown in figure 5.7a. The orientations of molecules are slightly 
varied from one image to another, and the errors are estimated by statistical average 
of molecules in several STM images. To elucidate these orientations, schematic 
pictures of CuPc with three different orientations as well as the SiC nanomesh cells 
(hexagon indicating the cell, triangles representing the L vertices) are shown in the 
panel c to e of figure 5.7. Taking the 3-fold symmetry of the substrate into account, 
the three orientations shown in figure 5.7c-e are identical. Only when multiple CuPc 
molecules absorb on this template do these three orientations become distinguishable 
in figure 5.7a and b. Due to the 4-fold symmetry CuPc, any orientation angle larger 
than 90º can be automatically reflected back to the first quadrant. As the result, the 
angles determined by 3-fold substrate symmetry (θ, θ + 120º and θ + 240º) are 
reduced to (θ, θ + 30º and θ + 60º). This deduction successfully explains the 30º 
angular difference of the three orientations.  
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As adsorbed CuPc molecules show three substrate-derived orientations, it is 
logical to deduce that these molecules are confined by the substrate as is the case on 
SiC 3 × 3.[23] However, this is incorrect. As shown in figure 5.7b, some CuPc 
molecules appear as complementary fragments at several locations, due to molecular 
hopping by either thermal activation or tip perturbation. The average hopping time 
( ) of CuPc on SiC nanomesh is experimentally estimated. About 17 fragmental 
images of CuPc molecule are distinguished over 34 molecules during the acquisition 
time (471 seconds). The hopping time is therefore estimated at around 1 × 103 
seconds at low dosage. No rotation of the static CuPc molecules in sequential STM 
images is observed, but molecules may change their orientations during hopping. In a 
few cases, CuPc molecules may hop back to their original sites (back and forth dashed 
arrows in figure 2b), or new molecules may hop to previously occupied sites in 
sequential images. These molecules adopt the same orientation of the previous 
molecules at these sites, implying that in one cell, only one out of three symmetric in-
plane orientations is favorable.  
hT
At 0.4 ML coverage, CuPc molecules are evenly distributed on the SiC nanomesh 
surface forming an ordered single-molecular array, as shown in figure 5.8a. This array 
possesses a 1.95 nm periodicity and 3-fold symmetry of the substrate. The periodicity 
of the CuPc array is not only larger than the CuPc size in its closed packed form 
(about 1.4 nm),[146, 178] but also larger than the calculated maximum size of the 
CuPc molecule (1.68 nm in diagonal length).[179] The large distance (2.7Å or larger) 
and arbitrary orientations of adjacent molecules suggests a negligible interaction 
 99
Chapter 5 Template effect of 6H-SiC(0001) nanomesh surface on organic molecules 
 
Figure 5.8. The CuPc single-molecular array on the SiC nanomesh surface.  (a) 30 × 30nm2 
STM image of the CuPc molecular array (VT = -1.9 V, IT = 40 pA). (b) 30 × 30 nm2 STM 
image of the CuPc molecular array on a nanomesh terrace (VT = -2.2 V, IT = 40 pA). (c) 
Statistics of the in-plane orientations of CuPc molecules. 
 
between them. As most molecular orientations can be distinguished in figure 5.8a, a 
statistical analysis is performed to study the distribution of these orientations, as 
shown in figure 5.8c. Three peaks at 25º, 60º and 90º are observed, indicating the 
preferred in-plane orientations of CuPc molecules. These angles are similar to the 
orientation of CuPc molecules at low coverage. Thus, both spatial locations and 
orientations of CuPc are confined by the substrate to form an ordered single molecular 
array. 
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In figure 5.8b, the CuPc array is observed to cover the lower terrace uniformly, 
while the upper two terraces covered by single-layer graphene (SLG) are empty, 
suggesting the preferential adsorption of CuPc on SiC nanomesh instead of on 
graphene. The formation of this molecular array is not limited to selected nanomesh 
terraces; on the contrary, this array is observed on all SiC nanomesh terraces forming 
a wafer scale single molecular array. The molecular density of this array is estimated 
to be about 3.0 × 1013 molecules/cm2.  
At high coverage, the hopping of CuPc happens less frequently than at low 
dosage. About 12 hopping events (fragmental images of CuPc molecule) are found in 
the CuPc array with more than 200 molecules in figure 5.8a. Thus,  at 0.4ML 
coverage is about one order of magnitude larger than  at 0.1ML coverage. This 




In general, when weak Van-der-Waals forces predominate on surfaces, e.g. on 
HOPG or on MoS2,[146, 178] CuPc molecules prefer to arrange into 4-fold symmetric 
close-packed islands due to stronger intermolecular interaction. However, on reactive 
surfaces such as Si(111)[180] or SiC 3 × 3 reconstruction,[23] CuPc molecules are 
covalently bound by the dangling bonds of the substrates with one or several possible 
adsorption configurations. Although CuPc molecules thus follow the symmetry of 
substrate, it hardly forms a highly periodic array due to low diffusivity of deposited 
molecules. Herein, the adsorbed CuPc molecules adopt the symmetry of SiC 
nanomesh instead of its internal symmetry indicating that this site-selective attraction 
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force between CuPc and SiC nanomesh dominates the intermolecular interaction. 
However, dangling bonds have never been observed in experiments or proposed in 
theoretical calculations[28, 58] which implies that this interaction is unlikely to be 
covalent bonding. Thus, synchrotron-based photoemission experiments were needed 
to clarify the origin of this interaction.  
 
5.3.2 PES study of CuPc on the SiC nanomesh  
 
Figure 5.9. Core level photoemission spectra of Si 2p and C 1s of CuPc on SiC nanomesh.  
 
The core level spectra of the Si 2p and C 1s peaks before and after submonolayer 
CuPc deposition are shown in figure 5.9. Before and after CuPc growth, there is no 
discernible shift in Si 2p peak, suggesting no chemical interaction between molecules 
and substrate. The C 1s peak for clean SiC nanomesh has three components as 
discussed before.[28, 51] After deposition of CuPc, the position of three substrate-
related peaks show no discernable shift except that two additional components appear 
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in the C 1s spectrum. The peak positions at 286.2 ± 0.05 eV and 288.1 ± 0.05 eV are 
attributed to carbon in C-N bond and its shake-up transition respectively. The increase 
of G peak is attributed to the superimposed C-C peak originated from CuPc. The C 1s 
binding energy of CuPc molecules are consistent with previous reports.[181, 182]  
 
Figure 5.10. Work function change due to absorption of CuPc.  
 
Thus, there is no indication of surface chemical reaction. However, a small work 
function reduction of 0.15 ± 0.05 eV is observed after CuPc deposition (figure 5.10), 
suggesting a vacuum level shift relative to Fermi level due to the formation of 
interface dipole. The origin of this dipole could be either due to the electron transfer 
from adsorbate to the SiC nanomesh or electron density redistribution along the z 
direction to form an induced dipole in the adsorbates.[170] As a result, the formation 
of such a weak interface dipole should be responsible for the selective confinement of 
CuPc molecules on SiC nanomesh. 
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In conclusion, an ordered single molecular array of CuPc is observed on SiC 
nanomesh. The array has the dictated periodicity and symmetry of the substrate. 
Furthermore, the CuPc molecules in the array have three in-plane orientations 
regulated by the substrate. Since the intermolecular separation of adjacent molecules 
(1.95 nm) is larger than the Van-der-Waals envelop of CuPc (1.68 nm), the strength 
of intermolecular interaction is negligible. Photoemission experiments reveal a weak 
interface dipole between the adsorbates and substrate which could be responsible for 
the selective adsorption of CuPc. Meanwhile, the size of CuPc could be important for 
the formation of molecular array, as the Van-der-Waals envelop of CuPc (1.68 nm) is 
slightly smaller than the size of SiC nanomesh cells (1.95 nm) which allows a one-
molecule-in-one-cell configuration, beyond which, it is too large to accommodate 
more than one molecule.  
 
5.4 Pentacene on the SiC nanomesh  
5.4.1 STM study of pentacene on the SiC nanomesh 
The two molecules studied in the previous sections exhibit totally different 
behaviors. C60 forms hexagonally closely packed layers whereas CuPc forms single 
molecular arrays. From these studies, we hypothesize that the SiC nanomesh surface 
only exhibits the template effect for planar molecules. Thus, another planar molecule, 
pentacene, is tested in this section. This molecule consists of five fused benzene rings 
and exhibits a two-fold symmetry in its geometry. Figure 5.11a shows the STM 
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Figure 5.11. Pentacene molecules on SiC nanomesh.  (a) 30 × 30nm2 STM image of 
pentacene on SiC nanomesh (VT = 1.7 V, IT = 40 pA). Blue arrows indicates the orientation of 
pentacene molecules and green arrows indicates the a axis of the substrate. (b) The enlarged 
image shows the location of pentacene on the SiC nanomesh. The hexagons indicate the SiC 
nanomesh cells and the triangles indicate the L vertices. (c) The enlarged image of a single 
pentacene molecule. 
 
image of pentacene deposited on SiC nanomesh at low coverage (~0.2 ML). The rod-
like feature represents a single pentacene molecule lying flat. Due to the different 
molecule-substrate coupling, the submolecular feature of pentacene varies from one 
substrate to another.[160, 161, 183, 184] Herein, the submolecular feature of 
pentacene appears as three bright protrusions in figure 5.11c.  
As with the CuPc molecules, pentacene adsorbs within the cells and points to the 
corners of these cells. The magnified image (figure 5.11b) shows that the pentacene 
molecules deviate slightly from the center of the cells with one phenyl end closer to 
the L vertex. The orientations of adsorbed pentacene molecules are coincident with 
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the direction from the cell center to L vertex and about 30º, 90º and 150º degrees to 
the substrate a axis. In figure 5.11, the hopping of pentacene is rare (less than 1 
hopping event over 100 molecules in one scan), indicating the trapping of pentacene 
on SiC nanomesh is much stronger than in the case of CuPc. The hopping time 
estimated for pentacene is about 4 × 104 seconds using the same way for CuPc.  
From the STM studies, both molecules are trapped in the cell with substrate-
determined orientations. These observations imply that these molecules are trapped 
not only by the cell centers but also by the vertices of the cells. In the case of 
pentacene, the L vertex appears to interact more strongly with pentacene than the S 
vertex. In the case of CuPc, the molecular lobes are lying in-between the L and S 
vertices; possibly due to the competing interactions between the molecule with the L 
and S vertices. Although the atomic structure of these nanomesh features are not fully 
understood, these cells and vertices effectively trap CuPc and pentacene molecules to 
form molecular arrays. 
When the dosage of pentacene increases to 0.8 ML, molecules reside on the SiC 
nanomesh with less order. However, three types of adsorption configurations can be 
distinguished on this surface. First of all, small numbers of molecules maintain the 3-
fold symmetric configuration which has been shown at 0.1 ML dosage (black arrows 
in figure 5.12a). The second configuration is where the molecules pack in parallel 
(figure 5.12c). In this configuration, intermolecular distance is about 0.85nm, much 
less than the periodicity of SiC nanomesh (1.95nm), implying that two molecules 
reside in one SiC nanomesh cell (figure 5.12d). The last distinguishable configuration 
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Figure 5.12. Quasi-amorphous pentacene layer on SiC nanomesh.  (a) 0.8 ML pentacene on 
SiC nanomesh (20 × 20 nm2, VT = -1.9 V, IT= 40 pA) (b) Pentacene at the domain boundary 
(30 × 30 nm2, VT = 1.9 V IT = 40 pA). (c) Enlarged image shows the parallel configuration 
from the blue square in (a). (d) Schematic of parallel configuration in honeycomb cell. This 
two-in-one configuration is geometrically possible. (e) Enlarged image shows the bridge 
configuration from the black square in (a). (f) Schematic of bridge configuration. The two 
ends of upper pentacene are colored in yellow to indicate the bright dots in (e). 
 
is the bridge configuration, whereby the molecules appear as two bright dots 
separated by a gap (figure 5.12e). Although the pentacene in the second layer shows 
similar appearance on Ag(111), the contrast of pentacene in figure 5.12e is much 
stronger than the pentacene on Ag(111).[185] Therefore, the appearance could be 
regarded as one molecule bridging above two underlying molecules (figure 5.12f). 
The two ends are contacted by the underlying molecules and have short path for 
tunneling current. On the contrary, the middle area is suspended above a void and 
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requires an additional intramolecular path for tunneling current. As a result, the 
bridged molecules give a dark middle area with two bright ends. The similar 
pentacene bridge configuration above two silicon dimers has been observed by 
Kasaya et al.[186] The mixture of these configurations at high coverage could be 
explained by two reasons. The first is the small size of pentacene (1.66 × 0.74 
nm)[187] relative to the nanomesh cell. The space between two pentacene molecules 
in neighboring cells is large enough to accommodate additional molecules in 
metastable configurations, i.e., the parallel and bridge configurations. Therefore, the 
small size of pentacene allows disorder in the molecular array at higher coverage. The 
second reason is attributed to the limited diffusivity of pentacene molecules on the 
SiC nanomesh. In figure 5.12b, a domain boundary between graphene and SiC 
nanomesh is indicated by the dashed line. It can be clearly observed that no pentacene 
molecules adsorb on graphene, and that the population of pentacene increases on the 
SiC nanomesh close to this boundary. The increase in population is due to the 
unidirectional diffusion of pentacene from graphene to the nanomesh surface. The 
same diffusion trend was suggested in CuPc deposition, but the diffusivity of CuPc on 
SiC nanomesh is large enough to distribute the excess molecules away from the 
boundary (cf. figure 5.8b) and form periodic molecular arrays. Pentacene therefore 
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5.4.2 PES study of pentacene on the SiC nanomesh 
 
Figure 5.13. PES spectra of Si 2p in a , and C 1s in b from pentacene/nanomesh; c. shift of 
work function as a function of pentacene thickness.  
 
Absorbed pentacene molecules exhibit longer hopping time than CuPc molecules. 
This phenomenon suggests that the substrate attraction to pentacene is stronger than 
the attraction to CuPc. To compare these attractions to two molecules, photoemission 
spectra of pentacene on SiC nanomesh are measured (figure 5.13). A work function 
reduction (0.25 ± 0.05 eV) is observed after pentacene deposition. This reduction is 
larger than the other two molecules. From figure 5.13, no discernible energy shift is 
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observed in the core level spectrum of Si 2p implying no covalent bonding between 
adsorbates and substrate. The main peak in C 1s spectrum (figure 5.13) is shifted from 
285.5 ± 0.05 eV for SiC nanomesh to 284.5 ± 0.05 eV for pentacene at 2.6nm. This 
shift is explained by the increased intensity of pentacene C-C peak at 284.5 ± 0.05 
eV.[188, 189] Thus, the interaction between pentacene and SiC nanomesh surface is 
also attributed to charge transfer at the interface.  
In conclusion, pentacene molecules are confined by the SiC nanomesh and 
mainly adopt the L vertex to pore configuration. However, pentacene forms a random 
array at 0.8 ML due to the mixture of three types of pentacene absorption 
configurations. These configurations are the consequence of the much small size of 
pentacene in comparison with the unit cell of the SiC nanomesh. From photoemission 
experiments, a stronger interface dipole (0.25 ± 0.05 eV) than that in the case of CuPc 
or C60 is observed. This interface dipole appears as a large diffusion barrier which 
reduces the diffusivity of pentacene and hinders the ordering of this molecular array. 
5.5 Summary 
In summary, we investigated the template effect of the SiC nanomesh surface for 
three organic molecules. The template induced growth was successfully observed in 
CuPc and pentacene deposition, whereas C60 could only lead to the hexagonal close 
packed wetting layers. While CuPc formed an ordered single molecular array with 
topographic properties governed by the substrate due to its compatible size relative to 
the nanomesh superstructure, pentacene with its 2-fold rod-like shape formed a 
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dispersive array with 3-fold symmetric in-plane orientations. At higher coverage, two 
additional adsorption configurations were identified and resulting in a quasi-
amorphous pentacene overlayer. 
Photoemission results indicate that the molecule-substrate interaction for all three 
cases originated from charge transfer at the interface. The magnitudes of the interface 
dipoles for three molecules are small (-0.15 ± 0.05 eV, 0.15 ± 0.05 eV and 0.25 ± 0.05 
eV for C60, CuPc and pentacene respectively (negative value for upward shift)); C60 
received electrons from the substrate while the other two molecules donated electrons. 
Therefore, the small dipole interactions allow other factors such as geometry of 
molecules affecting the assembled structures. C60 that is smaller than the nanomesh 
cells and spherical shape is unable to be selectively trapped by the SiC nanomesh, 
resulting in a molecular wetting layer due to the charge transfer at the interface. 
Pentacene with a planar shape is successfully trapped by the template but with several 
substrate-determined configurations. CuPc with a planar shape and compatible lateral 
size (1.68 nm in diagonal) achieved the most ordered single molecular array. As a 
result, without strong substrate-molecule interaction and intermolecular interaction 
such as covalent bonding or hydrogen bonding, the size and the shape of the target 
molecules can play a decisive role to the configurations of adsorbed molecules on the 
SiC nanomesh. 
The achieved CuPc single molecular array is distinctly different from molecular 
arrays in supramolecular porous networks. The molecules in the present array are well 
isolated from each other, and only interacting with the substrate. This isolated single 
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molecule CuPc array with extremely high density has potential applications in data 
storage and chemical sensors.  
The template effect of SiC nanomesh also provides some clues about its atomic 
structures. Both molecules (CuPc and Pentacene) are found preferentially adsorbed at 
the center of nanomesh cells indicating the stronger molecular-substrate interaction 
there. As both molecules are planar with conjugated π orbitals, the cell center 
probably also contains delocalized π orbitals thereby generating π-π interactions. 
Thus, the graphene-like sublayer of the SiC nanomesh may show sp2 hybridized 
carbon bonds at the nanomesh centers while the nanomesh edges may contain more 
sp3 hybridized carbon bonds. However, the details of the atomic structures of this 
sublayer need further investigations. Meanwhile, the CuPc single-molecule arrays 
may contain interesting magnetic properties which need further investigations by 
means of magnetic force microscopy (MFM) or spin polarized scanning tunneling 
microscopy (SP-STM). 
 CHAPTER 6 INTERCALATION AND CHEMICAL 




In the previous chapters, the structure, oxidation and template effect of the SiC 
nanomesh were discussed. However, the SiC nanomesh could also serve as a buffer 
layer below the EG. In principle, this buffered SiC nanomesh layer is believed to be 
identical to the uncovered SiC nanomesh layer, although the EG layer serves as a 
protecting layer to prevent oxidation of the underlying SiC nanomesh layer (c.f. 
chapter 4). If this covered SiC nanomesh can be modified by intercalation of 
adsorbates without creating significant changes to the EG layer on top, it could 
provide a possible in-situ route to alter the properties of the EG layer, e.g. opening a 
band gap in EG. Thus, the possible chemical reactions of adsorbates with the covered 
SiC nanomesh need to be investigated. 
Due to the small lattice constant of graphene (2.45Å), atomic penetration of the 
graphene network along the out-of-plane direction is energetically unfavorable. DFT 
calculations suggest the energy barrier for the helium atom could be as large as 10eV, 
prohibiting penetration along this direction.[190] Nevertheless, the graphene layer is 
not covalently bonded with the substrate, and the typical interlayer distance between 
graphene and substrates is usually quite large (about 3.35Å for graphene-graphene 
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distance[48]), implying that diffusion of atoms at the interface could be quite easy. 
Intercalation of metal atoms such as Cu, Ag and Au has been achieved for epitaxial 
graphene (EG) on Ni(111)[191, 192]. Dedkev et al.[89] has shown that the iron 
adlayer on epitaxial graphene/Ni(111) can be intercalated below the EG layer after 
200°C annealing. The inserted Fe forms a thin interlayer and is protected by the 
graphene top layer from oxidation under ambient conditions. Intercalation of 
molecules such as C60 is also reported at the EG/Ni(111) interface[86].  
Most intercalation studies have focused on EG on metal, and only a few studies 
have been done on EG on SiC(0001),[52, 53] although graphene on SiC has 
promising practical applications.[193, 194] With a unique interfacial nanomesh layer, 
the intercalation of graphene on SiC should behave quite differently from graphene on 
metals. For instance, the nanomesh layer is an active layer, which can react with O2 at 
600°C and form graphene and silicon oxides. This observation implies the nanomesh 
layer could be involved in the reactions with intercalated molecules/atoms. In this 
chapter, the intercalation of EG on SiC(0001) by oxygen molecules and iron atoms is 
studied by synchrotron-based XPS and STM. The purpose of this study is two-fold. 
The first is to investigate the intercalation of adatoms on graphene on SiC(0001); the 
second is to probe possible reactions at the interface.  
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6.2 Oxidation of epitaxial graphene on SiC(0001) 
As mentioned in chapter 4, the EG layer can be transformed from the SiC 
nanomesh layer with O2 (4 × 10-4 torr) exposure at 600°C. In this section, instead of 
nanomesh layer, the EG layer is exposed to O2 at different temperatures using 
different oxygen dosages. As the graphene layer generated on SiC nanomesh can 
inhibit further oxidization at temperatures lower than 1000°C, higher oxygen 
pressures and temperatures are applied to oxidize the graphene sample. 
 
Figure 6.1. 15 × 15nm2 images of epitaxial graphene at different tip biases (IT = 70pA). The 
graphene atomic lattice is apparent at low scanning bias (± 0.1eV), partially observable at ± 
0.5eV, but not distinguishable at ± 1.5eV. 
 
 115
Chapter 6 Intercalation and chemical reactions of EG on 6H-SiC(0001) 
Clean epitaxial graphene on SiC nanomesh is shown in figure 6.1 as reference. 
The graphene network exhibits a “6 × 6” modulation originated from the SiC 
nanomesh layer. Both the graphene network and the superimposed modulation are 
bias-dependent. The graphene network is apparent only at low bias (± 0.1eV). When 
the bias increases, the graphene network becomes transparent.[195] The “6 × 6” 
modulation is apparent in filled state images (positive bias); the contrast of this 
modulation is suppressed in empty state images (negative bias). The bias-dependence 
of the SiC nanomesh was previously observed, but its origin is still unclear.[26] If the 
reaction of oxygen on this surface happens under the graphene network, direct 
observation of structural changes is usually prohibited. Therefore, the “transparency” 
of graphene network under high bias provides an alternative way to monitor sub-EG 
adlayer changes.  
 
Figure 6.2. XPS spectra of O 1s(left), Si 2p(middle) and C 1s(right) for oxidized EG at 
different temperatures and oxygen dosages. The colors of spectra in three figures are kept 
same for same condition. 
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The photoemission spectra of EG at different temperatures and O2 dosages are 
shown in figure 6.2. The O 1s peak, which is the major indicator of sample oxidation, 
appears at 850°C with a dosage about 2.2 × 105L, but this peak becomes prominent 
only at 1050°C with 3.8 × 106L dosage. Correspondingly, a small component at 103.3 
eV in the Si 2p spectra is observed at this temperature. This component is attributed to 
Si atoms in its 4+ state.[21] No prominent change in the C 1s spectra is observed, 
indicating that carbon atoms do not react with oxygen. Therefore, we attribute the 
appearance of oxygen peak and new silicon component to the formation of silicon 
dioxide. The EG layer on top probably serves as a barrier to the penetration of oxygen 
molecules, and hinders the oxidation process except at higher temperatures. 
 
Figure 6.3. STM images of EG before and after oxidation, a) Before oxidation(2.0V, 170pA, 
500 × 500nm2); b) After oxidation at 1050ºC (2.0V, 100pA, 200 × 200nm2).  
 
To better understand the oxidation process, the images of the sample before and 
after the oxidation are recorded by STM. Figure 6.3 shows the large scale STM 
images of pristine and oxidized EG (1050°C, oxygen partial pressure at 1 × 10-3torr). 
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It can be clearly observed that oxidation of EG creates several nanostructures, 
including flakes (blue arrows), clusters (yellow arrows) and pits (green arrows). 
Flakes are small pieces of graphene layer (~10nm in diameter) on nanomesh terraces. 
Their heights are variable: the smallest height observed is about 0.07nm, close to the 
step of monolayer graphene to bilayer graphene;[42] the largest height exceeds 
0.4nm, larger than the height of silicon carbide bilayer (0.25nm) and should have 
different origin from the graphene layers or SiC bilayers. Clusters are small bumps on 
the surface. Their typical size is less than 5nm, with a height ranging from 0.3nm to 
0.6nm. These two structures were also observed in the oxidation of SiC nanomesh at 
1050°C. (c.f. section 4.2.2) Their formation on SiC nanomesh is related to the 
underlying silicon oxide clusters. Herein, XPS spectra suggest that the formation of 
similar structures on EG surface could be linked to the intercalated silicon dioxide.  
The last generated nanostructures, pits, are not observed in the nanomesh 
oxidation. These pits have irregular shapes decorated by bumps and flakes. These pits 
are probably the consequence of the etching of EG layer. Similar pits due to etching 
of exfoliated graphene by oxidation at 450°C with oxygen partial pressure at 260 torr 
have been also observed.[196] The isotropic etching of exfoliated graphene gives rise 
to round holes about one graphene layer deep. Herein, higher temperatures are needed 
to initiate the etching due to the lower oxygen partial pressure used (10-3 torr). The 
complicated structure of the etch pits indicate that multiple interactions are involved 
in pit formation. Silicon oxidation probably results in the bumps and flakes around the 
pits. The size of pits varies from less than 5nm to more than 20nm and the depth of 
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pits increases with increasing pit size. As most pits are deeper than the terrace they sit 
on, the SiC substrate may also be etched. These three structures on the surface are 
discussed in detail in the following paragraphs. 
 
Figure 6.4. Two types of flakes on oxidized EG sample, a) The flake with the “6 × 6” 
modulation, upper part of image (0.3V, 30pA, 10 × 10nm2); b) the flake without the “6 × 6” 
modulation (1.5V, 70pA, 10 × 10nm2). 
 
The flakes on oxidized EG are shown in figure 6.4. The flake in upper part of 
panel a has the smallest height (0.07nm), whereas the flake in panel b has a height 
about 0.18nm. Both flakes are covered by a continuous layer of graphene crossing the 
boundary of flakes. However, the flake in panel a shows the underlying “6 × 6” 
nanomesh modulation, while in panel b, the modulation is absent. Thus, the flake in 
panel a can be understood as bilayer graphene sitting on the substrate with one 
missing silicon carbide bilayer relative to the adjacent monolayer graphene.[42] The 
large height of the flake in panel b suggests an intercalated layer below it. Due to the 
high bias used in figure 6.4b (1.5V), the graphene network around the flakes become 
 119
Chapter 6 Intercalation and chemical reactions of EG on 6H-SiC(0001) 
invisible. However, the graphene network above the flake is unusually visible at this 
bias. Thus, this intercalated layer is capable of decoupling the nanomesh-graphene 
interaction enabling the EG layer to be visible at high bias. This intercalated layer is 
probably the silicon dioxide layer suggested from the XPS observations.  
 
Figure 6.5. Clusters on oxidized EG sample. a) Large scale image of clusters on the surface 
(2.1V, 140pA, 46× 46nm2); b) Zoomed in image of clusters on the surface (0.1V, 70pA, 15× 
15nm2). 
 
Oxidized EG contains many clusters (figure 6.3). The density of clusters is about 
3 × 1011 nm-2, about one order of magnitude higher than flakes and pits. These 
clusters appear as bumps or asymmetrically elongated bumps on the surface with 
diameters of about 2nm in figure 6.5a. In the high resolution image (figure 6.5b), 
graphene networks are clearly resolved above the clusters, suggesting that they are 
covered by graphene rather than clusters above graphene. Similar to the observation 
of flakes, the graphene network above the clusters can be observed at high bias and do 
not possess the “6 × 6” modulation, suggesting the existence of intercalated silicon 
dioxide below the graphene clusters.  
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Figure 6.6. Oxidation induced pit on oxidized EG sample.  a) an etch pit and its surrounding 
structures on the sample (0.5V, 70pA, 26 × 26nm2); b) zoomed in image of bumps around the 
pit, graphene network can be distinguished (1.2V, 70pA, 5 × 5nm2); c) zoomed in image of 
the bottom the etch pits, graphene network and 6 × 6 modulation can be distinguished (0.4V, 
70pA, 5 × 5nm2). 
 
Our observations have clearly identified that flakes and clusters can be explained 
by the intercalation of silicon dioxide. However, the formation of pits should involve 
in the etching of EG layer and SiC substrate. An etch pit decorated with bumps and 
flakes is shown in figure 6.6. The depth of the pit center is about 0.24nm relative to 
the graphene outside the pit. The height difference is close to the thickness of a SiC 
bilayer (0.25nm), implying one silicon carbide bilayer is etched away by oxidation. 
Interestingly, the graphene network can still be distinguished at the bottom of pit 
although the EG layer inside should have been “etched”. Moreover, the “6 × 6” 
modulation can also be distinguished, indicating the existence of the SiC nanomesh 
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below the graphene layer (figure 6.6c). The stacking of graphene and SiC nanomesh 
layer inside the pit implies that they are probably regenerated at high annealing 
temperature during oxidation. As observed in SiC nanomesh oxidation, the nanomesh 
layer can be transformed into EG at temperatures as low as 600°C under oxygen 
partial pressures of around 5 × 10-4 torr. The sample temperature (~1050°C) during 
oxidation is thus sufficient to generate the SiC nanomesh layer. Thus, after etching of 
EG, the pit bottom is covered by the regenerated graphene and SiC nanomesh. 
However, regeneration of one entire graphene layer requires three SiC bilayers, 
whereas only one bilayer is etched in figure 6.6. Hence, the pit formation cannot be 
explained by the simple removal of the top graphene/nanomesh layers. Both 
rearrangement and partial etching are probably involved in the formation of pits.  
From the STM images, graphene networks are observed above all nanostructures 
on the oxidized sample. Thus, the signals of Si 2p in its 4+ states and O 1s are all 
contributed from the silicon dioxide intercalated below the top EG layer. This is 
consistent with the observation in the nanomesh oxidation where bumps are formed 
below the generated graphene layer. The intercalated silicon dioxide confirms the 
penetration of oxygen molecules through EG at elevated temperatures. 
As all observed silicon dioxides are covered by a graphene layer, the intercalation 
of oxygen appears to be a dominant process. However, this contradicts the assertion 
that direct penetration of graphene layer is energetically unfavorable.[190] The 
penetration of molecules/atoms through the graphene layer has been widely observed 
in many studies.[52, 53, 86] Normally, this penetration is postulated to occur through 
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Figure 6.7. Defects on oxidized EG sample. a) point defect on graphene flake (-0.1V, 70pA, 
6 × 6nm2), b) graphene edge at the side of etch pit (0.4V, 70pA, 10 × 10nm2). 
 
graphene defects or domain boundaries, which have lower energy barriers for 
penetration. In this experiment, we observe defects and graphene boundaries mostly at 
the top of SiO2 flakes (figure 6.7a, dash ellipses) and the edge of pits (figure 6.7b, 
dash ellipses), respectively. The discontinuity of graphene network at these sites could 
serve as possible routes for oxygen penetration and create a ring of clusters and flakes 
around the pits. However, we still observe a number of isolated flakes and clusters 
without any defects, indicating besides penetration, diffusion of penetrated oxygen at 
the interface could also be involved in the formation of silicon dioxide at the 
graphene/substrate interface. 
In summary, oxidation of the graphene on SiC(0001) at elevated temperatures is 
studied by XPS and STM. Although pits generated by etching of EG are observed by 
STM at 1050°C, the surface is still covered by a complete graphene layer after 
oxidation. This observation indicates the regeneration of EG at the bottom of pits 
 123
Chapter 6 Intercalation and chemical reactions of EG on 6H-SiC(0001) 
during oxidation. XPS reveals the formation of silicon dioxide during oxidation. The 
silicon dioxide in the form of flakes and clusters is observed at the interface, 
suggesting interfacial interactions with oxygen molecules. 
 
6.3 Iron silicide formation on epitaxial graphene  
As demonstrated in the last section, oxygen molecules can penetrate the EG layer 
and form silicon dioxide nanostructures below it. However, very high temperatures 
(>1050°C) are needed for oxygen penetration of graphene on SiC. In this section, a 
solid iron thin film phase is deposited on EG. The penetration of iron atoms through 
the EG layer at much lower temperature is realized.  
 
Figure 6.8. XPS spectra of C 1s and Si 2p of Fe deposition on graphene.  
An EG sample is prepared on 6H-SiC(0001) by the conventional thermal 
graphitization process. The deposition of Fe atoms on EG is monitored by high 
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resolution core level photoelectron spectra (figure 6.8). During the deposition, no 
change of Si 2p and C 1s lineshapes is observed. However, a small shift (about 0.1eV) 
to lower binding energy in both C 1s and Si 2p spectra is observed by XPS after Fe 
deposition to a thickness of about 13.3Å. As there is no sign of surface chemical 
reactions, the small shift is probably owing to the polarization effect of deposited Fe 
atoms. Similar polarization induced binding energy shift has been observed in MgPc 
covered by ZnPc.[197] Meanwhile, the work function of graphene gradually increases 
from 4.2eV to 4.6eV after deposition of Fe. The linear increase of work function 
beyond one nominal layer of Fe implies a 3D growth mode in Fe deposition. 
 
Figure 6.9. The change of work function during Fe deposition on EG.  
 
After annealing at 600°C, the C 1s restores to its origin intensity, indicating that 
the as-deposited Fe surface concentration decreases via either evaporation or 
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Figure 6.10. Photoemission spectra of C 1s and Si 2p before and after annealing.  
 
Figure 6.11. Photoemission spectra of Fe 2p before and after annealing.  
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penetration. The intensity of Fe 2p peaks decreases to about 40% of the as-deposited 
sample. As the Fe 2p signals attenuated by one EG layer only reduces the intensity to 
about 70% of the as-deposited sample, a small portion of iron atoms must have 
evaporated during 600°C annealing. In the Si 2p spectrum, a new component at 
99.1eV is shown, suggesting a chemical reaction between silicon carbide and iron 
atoms. As the silicon atoms are covered by the EG layer and is unlikely to segregate 
above the EG surface below 1000°C, the reaction could only be due to the penetration 
of iron atoms. The silicon with lower binding energy than bulk SiC could be 
attributed to elemental silicon or iron silicide. On one hand, elemental silicon has a 
dopant dependent binding energy of 99.25-99.45eV for n-doped silicon and 98.78-
98.9eV for p-doped silicon.[198] The binding energy at 99.1eV falls just beyond these 
two ranges. Although non-doped silicon should have a binding energy in this energy 
range, it is unlikely to have undoped silicon atoms when they are mixed with iron 
atoms at the interface due to two reasons. First, iron atoms easily react with surface 
silicon atoms to form iron silicides at room and elevated temperatures.[199] Second, 
even if there are elemental silicon atoms at the interface, the iron atoms or iron 
silicides can induce charge transfer to these elemental silicon atoms resulting in a 
binding energy shift. On the other hand, the binding energy of iron silicides ranges 
from 98.9eV to 99.5eV, which fits the new component in figure 6.10. More 
specifically, this component could be Fe3Si or Fe-Si solid solution instead of FeSi or 
FeSi2 because the former two have a binding energies from 98.9eV to 99.1eV while 
the later two is from 99.3eV to 99.5eV[199]. In figure 6.10, the C 1s and Si 2p spectra 
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show a consistent 0.2eV shift to lower binding energy. The shift of carbon and silicon 
peaks is attributed to band bending after iron silicide formation. Similar shifts after 
iron deposition are also observed on Si(100) 2 × 1 and Si(111) 7 × 7.[199, 200]  
When the annealing temperature reaches 1100°C, both Fe 2p and Si 2p peaks at 
99.1eV diminish. The iron silicide is decomposed and iron atoms are evaporated from 
the graphene substrate interface at this temperature. This observation suggests that the 
intercalation process of iron atoms can be reversed at 1100°C. 
As inferred from the thermal stability of silicon atoms at 600°C, the iron silicide 
compounds are located below the EG layer. This conclusion is further supported by 
XPS depth profile measurements. By exploiting the short mean free path of outgoing 
photoelectrons (~nm), XPS core level spectra at two photoelectron emission angles 
(normal emission and grazing emission) are measured. By comparing the intensities at 
both angles, the depth of different layers on the surface can be determined. Although 
this method is only semi-quantitative due to uncertainty in the electron escape depth 
and surface topography, the qualitative determination of surface and bulk components 
using this method is widely used in surface science depending on the systems 
studied.[17, 18] The EG system we studied here is suitable for XPS depth profile 
measurements because the both EG layer and SiC nanomesh can be considered the 
perfect 2D layers.[54, 201] Thus, the depth determination of iron atoms using XPS 
depth profile is greatly simplified.  
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Figure 6.12. C 1s and Si 2p core level photoemission of EG.  
 
Before performing the measurements, a clean graphene sample is measured as a 
model system to examine the feasibility of this method. The EG on SiC(0001) has an 
ideal layer-by-layer structure. The SiC bulk is covered by a layer of SiC nanomesh 
and an outmost graphene layer. This lamellar structure has been confirmed by cross-
section TEM observation.[54] The z-position of these two layers can be distinguished 
from the three components of the C 1s spectrum (figure 6.12). The strongest peak in 
the middle originates from the carbon atoms in sp2 hybridization. These carbon atoms 
are mainly located in the graphene layer, though some portion of sp2 carbon atoms are 
in the interfacial layer as well. The higher binding energy shoulder labeled by 
“interfacial” represents the carbon signal from the SiC nanomesh at the interface (C 
1s (I)). The lower binding energy shoulder originates from the bulk carbon atoms (C 
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1s (B)) in SiC. In the Si 2p spectrum, the Si 2p peak only originates from the bulk, 
which should have the same surface sensitivity as the C 1s low energy shoulder. Thus, 
the intensities of C 1s and Si 2p components at normal (90°) and grazing (40°) 
photoelectron emission angles should be consistent with the EG structure.  
 
Figure 6.13. A schematic layer-by-layer model of EG on SiC, photoemission signals from 
different layers are shown. 
Table 6.1. C 1s and Si 2p photoemission intensities at two angles of clean EG sample.  
Normal Emission (NE) 90° Grazing Emission (GE) 40° 
C1s(G) C1s(I) C1s(B) Si 2p C1s(G) C1s(I) C1s(B) Si 2p 
911.74 305.43 71.26 181.49 711.71 229.94 25.5 75.34 
Relative Intensity (NE/GE) 
1.281 1.328 2.794 2.409         
 
Table 6.1 summarizes the measured intensities of C 1s peaks and Si 2p peak at 
two angles. As the intensity of the same peak may show a dependence on the emission 
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angle due to the layer-dependent chemical composition depth profile, the relative 
intensities obtained by normal emission intensity divided by grazing emission 
intensity is used to determine the depth of different species layers: the larger the 
relative intensity, the deeper the corresponding component. The order of surface to 
bulk from XPS measurement is C1s (G), C1s (I), Si 2p and C 1s (B). Both Si 2p and 
C 1s (B) NE/GE relative intensities indicate the SiC bulk component have the largest 
the relative intensity. Since the SiC sample used is silicon-terminated, silicon atoms 
are closer to surface than the carbon atoms. This explains the smaller value of Si 2p 
than C 1s (B). Thus, the XPS depth profile measurements are accurate in determining 
the sequence of different atomic layers for EG on SiC. The results are consistent with 
the graphene layer-by-layer model shown in figure 6.13. However, it should be noted 
that this method may not give a correct thickness of the surface layers. For example, 
the absolute thickness of top graphene layer calculated using attenuation of C 1s (I) at 
different angles using cos0( )
d
I I e λ θθ −=  and IMFP of graphene (4.4Å)[202] only gives 
thickness about 0.2Å, much thinner than the thickness measured by other 
experimental methods (3.3-3.5Å).[54, 201] This is partially due to the fact that the C 
1s (G) signal also comes from the interfacial layer and makes the NE/GE ratio larger 
than expected.  
Next, the XPS depth profile measurements are done on the annealed Fe-deposited 
sample. The proposed structure model is shown in figure 6.14. In this model, the Si 2p 
(I) (the new Si 2p component at 99.1eV in figure 6.10) is used to represent the iron 
silicide layer. This layer, which is buried by graphene layer, should show a larger 
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NE/GE ratio than graphene but smaller than the bulk. The normalized photoelectron 
intensities are listed in table 6.2 in two angles. The relative intensity of Si 2p (I) 
component in this table clearly shows a larger value than that of C 1s (G) component  
 
Figure 6.14. A schematic picture of z-position of iron silicide in EG sample, the iron silicide 
is proposed at the interfacial layer. 
Table 6.2. C 1s and Si 2p photoemission intensities at two angles of iron silicide intercalated 
EG sample.  
Normal Emission (NE) 90° Grazing Emission (GE) 40° 
Si2p(B) Si2p(I) C1s(I) C1s(G) Si2p(B) Si2p(I) C1s(I) C1s(G) 
61.91 11.77 294.47 989.31 22.02 8.04 178.68 805.68 
Relative Intensity (NE/GE) 
2.811 1.464 1.648 1.228         
 
but smaller than that of Si 2p (B). These data confirm the intercalation of iron atoms. 
In table 6.2, it can be found that Si 2p (I) is also smaller than C 1s (I). However, it 
may not be sufficient to conclude that the buffer layer is below the iron silicide. This 
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is because the silicon atoms in iron silicide is provided from the buffer layer and may 
change the structure of the buffer layer. In summary, the intercalation model of iron 
silicide shown in figure 6.14 is verified by the XPS depth profile measurements. 
Herein, the intercalation and chemical reactions of iron atoms on EG is confirmed 
by synchrotron-based XPS studies. At room temperature, the linear change of work 
function implies a 3D growth of iron on EG. At 600°C, iron atoms intercalate beneath 
the graphene layer and form iron silicide at the interface. From the binding energy of 
Si 2p, the iron silicide compound is probably Fe3Si or Fe-Si solid solution. When the 
annealing temperature reaches 1100°C, the iron silicide is decomposed and iron atoms 
are evaporated from the sample surface. 
 
6.4 Summary 
Intercalation as well as reaction of oxygen molecules and iron atoms on epitaxial 
graphene on SiC(0001) are studied by STM and XPS. Both reactants can intercalate 
between EG and the SiC substrate and react with silicon atoms at the interface at 
elevated temperatures. In the case of oxygen intercalation, silicon dioxide is formed at 
the interface; while in the case of iron intercalation, iron silicide is generated at the 
interface. Although oxygen can also etch the graphene layer to form deep pits on the 
surface at high temperatures, EG is regenerated at the bottom of these pits. This 
intercalated chemical reaction provides a new route to engineer supported EG on 
various interlayers. In particular, the ability to form an insulting silicon dioxide 
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interlayer beneath EG offers an attractive route for the fabrication of graphene-based 
devices.  
The intercalation reactions of SiC nanomesh point to an alternative way to study 
the atomic structure of SiC nanomesh and its transition to epitaxial graphene. Due to 
high annealing temperature for the formation of graphene (1200°C), it is difficult to 
study this transition dynamically. However, the intercalation reactions which also 
cause the nanomesh-graphene transition require much lower annealing temperature 
and the transition is highly dependent on the presence of reactants. Thus, to manually 
slow down the transition via temperature control or reactant control becomes possible. 
This provides a convenient method to study the initial stage of the nanomesh-
graphene transition. 
 CHAPTER 7 CONCLUSION AND OUTLOOK 
The aim of this thesis is to study the SiC nanomesh structure and its possible 
applications. These two targets are interconnected. The discovery of silicon atoms in 
the nanomesh enables the reaction of SiC nanomesh to adsorbates, such as oxygen 
molecules; while the nanomesh-graphene transition caused by oxidation suggests that 
the SiC nanomesh structure may partially resemble the graphene framework.  
The structure of SiC nanomesh is studied by complementary surface analytical 
techniques. The silicon atoms are investigated by XAS technique in this thesis. The 
EXAFS study reveals the bulk silicon vacancies with a depth of the order of the mean 
free path of emitted x-ray fluorescence photons, which suggests that the formation of 
SiC involves not only surface reconstructions, but also the creation of bulk silicon 
vacancies. The NEXAFS study reveals the presence of silicon-silicon bonds at the 
SiC nanomesh surface. This observation proves small Si clusters formed on this 
surface with silicon-silicon bonds. The XPS study under extended annealing of SiC 
nanomesh reveals an intensity decrease of Si 2p peaks but an increase of C 1s peaks, 
indicating that the SiC nanomesh has a variable Si and C stoichiometric ratio 
depending on the annealing duration. STM observations reveal local and medium 
range disorders in SiC nanomesh. These disorders further suggest that the SiC 
nanomesh may contain different self-organized structures. From these studies, the SiC 
nanomesh exhibits so many differences from the other reconstructions in this 
evolution that it should not be regarded a single surface reconstruction. Instead, we 
propose this unique surface to be a collection of local self-organized structures due to 
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silicon desorption. However, more work needs to be done to fully understand this 
unique and complicated structure. Experimental studies and calculations focusing on 
the local structures of the SiC nanomesh should be helpful to understand this 
structure.  
Altering the structure of SiC nanomesh via chemical reaction is attempted during 
this work. Oxidation of the SiC nanomesh above 600ºC actually transforms it into 
single layer graphene. This temperature is much lower than the nanomesh-graphene 
transition temperature by annealing. This observation implies the structure of SiC 
nanomesh should have a close relationship to the graphene-like framework. During 
the oxidation, silicon oxides are generated below the top single layer graphene, 
exhibiting oxygen intercalation on this surface. This intercalation property is further 
explored on the EG surface where the SiC nanomesh is concealed below the top EG 
layer. Both oxygen molecules and iron atoms are observed to intercalate the EG layer 
and to react with SiC nanomesh. Silicon dioxide and iron silicide are observed at the 
interface, respectively. This study evokes a possible route to engineering the EG layer 
via the nanomesh at lower temperatures. The intercalated silicon dioxide is in the 
shapes of clusters and small flakes suggesting a non-uniform intercalation process. 
Further studies to form uniform large-area oxide layers are needed by optimizing the 
parameters of the oxidation conditions. 
One possible application of SiC nanomesh is its template effect to organic 
molecules. In the absence of strong intermolecular interactions and molecule-substrate 
interactions, both CuPc (4-fold symmetry) and pentacene (2-fold symmetry) show 
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good confinement on the SiC nanomesh surface. Especially, molecular arrays are 
obtained for the adsorbed CuPc molecules. It is interesting to notice that template 
effects appears to be only achievable for planar molecules, and the ball-like fullerene 
molecule cannot be confined. Thus, other types of organic molecules, especially for 3-
fold symmetric molecules, should be tested on this substrate to further explore its 
template effects.  
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